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ABSTRACT
An assessm en t of the feasibility of micellar electrokinetic (EK) 
remediation of TNT from soils is presented. Batch desorption tests and bench 
scale EK tests were conducted to select the best candidate surfactant and to 
evaluate the efficiency of removal of TNT from a  real world soil.
From batch tests, it was found that SDS gave the best desorption 
results among a  group of candidate surfactants, which includes DOWFAX 
8390 (anionic), Tween 80 and Brij 35 (nonionic) and CTAB and CTAC 
(cationic). Unenhanced and surfactant enhanced EK tes ts  were unable to 
move substantial amounts of TNT across the specimen to the electrodes. 
TNT concentrations reduced significantly in the soil sam ple at sections 
closest to the cathode after EK processing. This was postulated to be due to 
transformation of TNT to TNT anions (Jackson-Meisenheimer anions or the 
Janovsky’s  complex).
EK te s ts  with neutralization at the  electrodes achieved both 
characteristics, i.e. improvement of electroosmotic flow and preventing TNT 
transformation to TNT anions. Changing the process param eters, such as 
improving electroosmotic flow, maintaining a  constant pH across the medium 
and extending processing period also did not improve the process in terms of
transport of TNT. The effect of the retention time of the fluid on removal 
efficiency is evaluated by pulsing the process.
The pulse type processing also did not improve electroosmotic flow 
nor did it improve TNT transport for 5% Tween 80 solution. Electroosmotic 
flow significantly increased in pulse type loading with 20% methanol 
solution. From the limited data obtained, it is demonstrated that a  pulse type 
loading may be a  more efficient technique to drive pore fluid into the soil 
com pared to a  continuous current method. There is also evidence of 
improved transport of TNT in the soil specimen in this type of system.
This study provides further evidence to dem onstrate that nonpolar 
species such as TNT cannot be transported from soils by electroosmosis. 
The attem pt to desorb, solubilize and polarize TNT by the formation of 
micelles with SDS, although successful in batch extraction through vigorous 






Most explosives are toxic. During the first 8 months of the World War I, 
17,000 poison cases, including 475 deaths, occurred in munitions factories 
in the United States. During the 1960s, several c a se s  of sudden deaths 
among dynamite workers were reported in the U.S. and in Europe. 
Intoxication with composition C-4, a widely used plastic explosive based on 
cyclotrimethylenetrinitramine (RDX), occurred during and after the Vietnam 
War. It has been found that at even as low as 2.5 ppm, trinitrotoluene (TNT) is 
toxic and the aqueous solution is highly colored (Okamoto et al. 1977). TNT 
is listed a s  a  priority pollutant by the United States Environmental Protection 
Agency, USEPA (Keither and Telliard 1979) and grouped as chemicals 
classified a s  "possible human carcinogen" (USEPA 1986).
The disposal of uncontrolled explosives and their degradation 
products from munitions manufacturing plants and from the migration of 
disposal sites present a  serious and potentially hazardous contamination 
problem. A single TNT manufacturing plant can generate as much a s  1.9 
million litres of wastewater per day (Yinon 1990). In shell-loading plants,
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large volumes of water were used to wash out residual explosives. The 
wastew aters have been disposed of by different m eans, often discharged 
into the sea , lakes, lagoons, rivers or stream s, lined/unlined landfills, and 
deep ground wells (Hoffsomner et al. 1978; Phung and Bulot 1981; Freeman 
1985; Yinon 1990; and Garg et al. 1991). Soil contamination by explosive 
. residues is also a  consequence of blasting operations for military purposes 
and for construction. Washing and leakage from ammunition storage in army 
facilities also contribute to the problem. In som e cases contamination is so 
extensive that removal of hazard is beyond the potential of any existing 
technologies (Army Regulation 1982). Furthermore, there are plans to close 
many existing army facilities. In order to convert these  facilities to som e 
public use, the a rea  has to be ascertained free from any harmful toxic 
residues. Therefore, there is a  pressing need to find cost-effective and 
efficient methods of remediating water and soil from these residues.
Electrochemical processes have been employed for over a  century in 
industrial electrolysis, energy conversion, and metal deposition. An 
electrochemical route is usually chosen for one or more of its Inherent 
advantages: energy efficiency, low temperature operation, e a se  of control, 
and low pollution production. Growing concerns on soil contamination have 
prompted engineers and environmental scientists to seek for methods of soil 
decontamination. Electrochemical soil processing and/or electrokinetic (EK) 
soil processing (or EK remediation) are amongst the processes that have 
gained widespread interest in recent years (Acar et al. 1993a). USEPA's
general classification for the process is that it is a  physical remediation 
treatm ent for phase separation (USEPA 1989). The method u ses  DC 
currents in the order of mA/cm2 of processing a rea  to rem ove/separate 
inorganic/organic contaminants from soils. It is envisioned that the technique 
will find different applications in construction of barriers opposing advective- 
dispersive transport of contaminants in clay liners, diversion schem es for 
waste plumes, and for injection of grouts, microorganisms and nutrients into 
subsoil strata. The feasibility of the technique and its cost efficiency in 
removing inorganic species from fine grained-soils have been demonstrated 
by bench-scale tests (Hamed et al. 1991; Acar and Hamed 1991). Limited 
pilot scale studies further verify the feasibility and efficiency of the process 
(Lageman et al. 1989; Alshawabkeh 1994, Acar and Alshawabkeh 1996).
Most data  on removal of organic chem icals by electrokinetic 
remediation concern with miscible species such as phenol (Acar et al. 1992), 
certain BTEX compounds (Bruei et al. 1992), and acetic acid (Shapiro and 
Probstein 1993). Wittle and Pamukcu (1993) showed som e movement of 
acetic acid, acetone, chlorobenzene, hexachlorobenzene, phenol and 
trich lorobenzene in unenhanced  te s ts . The removal of nonpolar 
hexachlorobutadiene (HCBD) from kaolinite by unenhanced EK remediation
has also shown to be unsuccessful at concentrations of 10 pg/g to 1,000 pg/g
(Acar et al. 1993b). However, recent studies have demonstrated that HCBD 
moved, when surfactant at millimolar concentrations w as used in EK
remediation (Tran and Gale 1992, Acar et al. 1995). Wittle and Pamukcu 
(1993) also mentioned that chlorobenzene, hexachlobobenzene, phenol and 
trichlorobenzene moved better with the aid of a  surfactant. These findings 
stimulated the need to study the efficiency and feasibility of using surfactants 
in remediating nonpolar species from soils by EK remediation.
A number of technologies has been evaluated for the treatm ent of 
explosive-laden soils and  sedim ents. T h ese  technologies include 
biodegradation, surfactant washing and leaching, foam separation, chemical 
oxidation, alkaline hydrolysis, incineration, composting, aqueous thermal 
treatm ent, wet air oxidation, microwave plasma technique, electron beam 
processing, gamma irradiation, molten salt incineration, ultraviolet oxidation, 
supercritical fluid extraction/oxidation, thin film photolysis, etc. (Okamoto et al. 
1977; Kaplan and Kaplan 1982; Garg et al. 1991; Zappi et al. 1993 ,1995). 
Som e of these  technologies have been dem onstrated in the field while 
others are  still at laboratory scale  and need to be tested  under field 
conditions.
Currently, the  only well developed technology to trea t s ites 
contaminated with explosive w astes is incineration. This technology has 
been  utilized by the  USEPA a s  the  Best D em onstrated Available 
Technology, BDAT (USEPA 1991). The primary advantage of this technique 
is the  possibility of com plete oxidation of organic com ponents with 
atm ospheric release of only C 0 2, N 02 and water vapor. The remaining
product is inert ash, which can be disposed of easily by land application.
5
Som e other advan tages include maximum volume reduction, wide 
applicability and complete oxidation of the organic matter (Garg et al. 1991). 
However, incineration is costly and tedious. Soils will have to be dug out of 
soil pits, transported to a  special incineration facility and they need to be 
returned to their original pits after treatm ent. Furthermore, additional 
treatm ents are required before oxidized products are  released  to the 
atm osphere and release of the by products has never been completely 
accepted by the public. Estimated cost ranges from $400/ton for sites bigger 
than 30,000 tons to $1500/ton for sites with 5000 tons or less (Lechner and 
Feireisel 1993).
In this study, the explosive residue of primary concern is 2,4,6- 
trinitrotoluene (TNT). This compound is very poorly soluble in water but when 
treated with surfactants it is postulated that it could partition into micelles (an 
agglomeration of surfactant molecules and TNT). As a  result, enhanced 
desorption, solubilization and ionization (when using ionic surfactant) may 
take place assisting the EK process. Micellar EK removal of TNT is 
envisioned to be environmentally acceptable, feasible and cost-efficient. It is 
essential to a s se s s  the feasibility of the technique and to develop the 
necessary  processing schem es to optimize the procedure. The primary 
objective of this research is to investigate the feasibility and cost-efficiency of 
removing explosive residues from soils using surfactant enhanced (micellar) 
EK processes.
1.2 Objectives
The proposed study aim s to develop an understanding of EK 
remediation of nonpolar organic species such a s  TNT using enhancem ent by 
surfactants. The following objectives are  identified for the successful 
completion of this research project:
i. to a sse ss  and identify the appropriate surfactants which will assist in 
removal of TNT from soils by EK,
ii. to study the sorption/desorption behavior of TNT on the specific soil 
with/without surfactants,
iii. to investigate removal of TNT from soils by unenhanced and surfactant 
enhanced bench scale EK remediation tests,
iv. to develop an understanding of the effects of surfactant action and to 
rationalize these  effects in an analytical model involving transport 
processes under electric field.
1.3 Scope of Work
The principal objective of this work is to study TNT mobilization and 
removal by EK processes. It is postulated that the aid of surfactant micelles to 
capture and desorb TNT from the soil surface will improve removal 
efficiencies. Furthermore, additional improvement in TNT mobilization may 
be possible through electrolyte conditioning p rocess (for exam ple, 
anode/cathode neutralization) by virtue of increasing electroosmotic flow. A 
few commonly used surfactants were selected  for this study. Batch 
desorption tests were conducted to evaluate the best candidate for surfactant
enhanced  remediation. EK bench scale  tes ts  were conducted with and 
without enhancem ent to test the validity of the stated hypotheses. It will be 
n ecessa ry  to design an experimental setup which allows electrolytic 
conditioning in order to promote enhancem ent in electroosmotic flow. ‘Real 
world’ TNT contaminated soil obtained from the Hastings military site in 
Nebraska will be used throughout this study. A transport model is presented 
in this work, it takes into account the effects of desorption, solubilization and 
ionized micelles. An attempt is not m ade to solve the equations developed. 
Extensive research is currently underway at LSU to solve the “general” 
transport equations under electric field, which will need the modifications for 
micellar extraction.
1.4 Organization of Dissertation
The dissertation is organized into seven chapters. Chapter One 
consists of the current discussion where the motivations of the work and the 
objectives and research scope have been presented. Chapter Two covers 
the  background research  in which discussion is presented  about EK 
decontamination process, TNT and surfactants characteristics, and a  review 
of past studies on surfactant enhanced remediation. In Chapter Three, the 
selection of surfactant for optimization of EK remediation p rocesses is 
discussed. Transport theory under electrical gradient is presented briefly in 
C hapter Four. This includes two approaches for modeling desorption 
p rocesses in soils. All laboratory testing conducted and the methodology 
employed are described in Chapter Five. The results and discussion are then
presented in Chapter Six. Finally, in Chapter Seven, the conclusions derived 
from this study are highlighted and recommendations for future research on 




A soil m ass undergoing an electroosm otic dew atering and 
decontamination behaves similarly to an electrochemical cell in which, upon 
completion of the circuit, cations (positively charged) will move to the cathode 
(negative electrode) and the anions (negatively charged) migrate to the 
anode (positive electrode). Therefore, in electrokinetic (EK) decontamination 
processes, concurrent with electrolysis, it is expected that the ions associated 
with different chemical species in the soil will move to the respective 
electrodes. The phenomenon in which the ions move to the respective 
electrodes is called ionic migration. Prevailing movement of the aqueous or 
the fluid phase, often from the anode to the cathode and also a s  a  result of 
migration, is called electroosmosis. Electroosmosis originates from migration 
of the solution phase part of the electric double layer at the capillary wall. In 
soils, generally, the surface is negatively charged. This charge is balanced 
by the positively charged layer of hydrated cations. Upon application of the 
electric field, the positively charged layer migrates towards the cathode. 
Consequently, the bulk liquid in the soil capillary is also transported owing to
9
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the viscous drag. The complete description of flow processes in EK also 
involves hydraulic and chemical gradients in addition to the prevailing 
electroosmotic flow.
An understanding of the EK remediation p rocess requires the 
description of the chemistry and m echanics of what is involved when a 
current is applied across electrodes inserted in a  saturated soil m ass. The 
details of the process are available elsewhere (for example, Acar 1992; Acar 
et al. 1993c; Acar et al. 1994; Alshawabkeh 1994; and Acar et al. 1995). In 
general, the m ass transport of contaminants in EK processes involves: 1) ion 
migration; 2) advection due to electric current (electroosmosis); 3) advection 
due to hydraulic gradients ; and 4) diffusion. Ion migration plays a marked 
role in th ese  transport p ro cesses for inorganic spec ies (Acar and 
Alshawabkeh 1996). Therefore, it is expected that only ionic species will 
migrate to the respective electrodes effectively and be transported under the 
application of an electric current.
Figure 2.1 illustrates the direction of transport of species in a  saturated 
soil m ass during EK processes. The movements of cations and anions are 
already well established, i.e. the cations are attracted to the cathode and the 
anions migrate to the anode. TNT is a nonpolar organic compound (NOC) 
and ionic migration is not expected to be available as a  mean of its transport. 
Although there are other transport processes, such as diffusion, it has been 
shown that there is very little or no movement of species in experiments 
conducted with hexachlorobutadiene (a nonpolar species) spiked Georgia
11
DC
.----------------- Porou s  ston B S ---------------------------------- 1 R
ion migration, diffusion
B- advection, electro­osm osis,ion  migration, diffusion
S  X  advection (?),
( Noc ) ►  electro-osm osis (?), 
\ J y  diffusion
Contam inated soil 
W ater in anode com partm ent Water in cathode com partm ent
Figure 2.1 A schematic diagram of the processes associated with 
electrokinetic transport of species in soil
kaolinite (Tran and Gale 1992; Acar et al. 1995). Furthermore, TNT has very 
limited solubility in water and will not be carried in the aqueous phase by 
electroosm osis efficiently. Therefore, unenhanced EK processes are not 
expected to be an efficient m eans of transporting TNT from contaminated 
soil. When surfactants are mixed with nonpolar, insoluble species, such as 
TNT, they form micelles (section 2.4). The result of the reactions are 
solubilization and desorption of nonpolar TNT from the soil surface and its 
entrapm ent in a  micelle. It is postulated that through solubilization and 
desorption processes, removal of TNT under an electric field will be 
enhanced. In the case  of ionic micelles, migration of the micelles towards its 
respective electrode will permit the extraction of TNT. These postulates form 
the basis of this project.
2.2 Removal of Contaminants by Electrokinetics
Bench scale  stud ies conducted at LSU and other institutions 
dem onstrated the efficiency of the process in transporting a  variety of 
inorganic chemical species such as lead, nickel, cadmium, chromium, cobalt, 
copper, nickel, strontium, uranyl, thorium, zinc, arsenic, mercury etc. (For 
example, Runnels and Larson 1986; Lageman et al. 1989; Banerjee et al. 
1990; Hamed et al. 1991; Ugaz et al. 1993; Pamukcu and Wittle 1993; Acar 
et al. 1993c; Alshawabkeh 1994; and Acar et al. 1995). Hamed (1990) 
showed that in bench scale EK tests 75% to 95% of lead (II) was removed 
across the specimen at an energy expenditure of 29 to 60 kWh/m3 for
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chemical concentrations up to 1,500 pg/g. Pilot scale tests conducted by
Alshawabkeh (1994) dem onstrated lead (II) removal of 98% at energy 
expenditure within the range of 300 to 700 kWh/m3.
There are data on the removal of somewhat soluble, organic species 
from soils by EK. Acar et al. (1992) showed that phenol adsorbed onto 
kaolinite is removed by the technique in two pore volumes of flow at an 
energy cost of 12 to 39 kWh/m3. Similarly, Bruel et al. (1992) demonstrated 
that BTEX compounds (benzene, toluene, ethylene and xylene) in gasoline 
moved when they are below their solubility limits in the pore fluid. Shapiro 
and Probstein (1993) examined the removal of acetic acid (and phenol) from 
soils. A high degree of removal (at least 94%) was achieved by the process 
at a  m easured energy cost of about $2/ton of effluent removed. Although 
these results may imply that the method can be effective in removing certain 
organic species, all of the above studies had their restrictions or limitations; 
phenol and acetic acid are infinitely soluble and phenol becom es ionic in a 
low pH medium, aceta te  ion is charged while BTEX com pounds are 
observed to move only below their solubility limits, i.e. at relatively low 
concentrations.
Currently, the data on EK removal of immiscible, nonpolar organic 
species is very limited. Experiments by Wittle and Pamukcu (1993), were not 
presented in detail and it is not possible to make a  full assessm ent of the 
process from the available data. Initial laboratory experiments at LSU failed
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to remove HCBD, a  nonpolar and immiscible organic compound, from 
kaolinite at concentrations varying from 10 pg/g of soil to 1000 pg/g in
unenhanced EK remediation.
2.3 Properties of TNT
Historically, TNT w as discovered in 1863 by Wilbrand. In 1902 it 
began to find important applications in the German military and soon by other 
countries. The U.S. Dept, of Defense has been using TNT in the manufacture 
of munitions since 1904 (Nay et al. 1974). During the two world wars, millions 
of tons of TNT were produced and were used mainly a s  an ingredient in 
explosives (Yinon 1990). TNT is the most widely used explosive due to its 
low melting point, its chemical and thermal stability, low sensitivity to impact, 
friction, and high tem perature and safe methods of manufacture. Some 
physical and chemical properties of TNT are listed in Table 2.1 and its 
structural formula is given in Figure 2.2. Its three nitro groups (N02) are
located at the 2,4,6 carbons of the aromatic ring that give rise to its complete 
nam e, i.e. 2,4,6-TNT or a-TNT. Based on its chemical structure, it is
environmentally stable, yet extremely photo-reactive (Zappi et al. 1993). 
Based on the double layer thickness equation (Mitchell 1993), a  low value of 
its dielectric constant, i.e. 2.9 (water has dielectric constant of around 80) is 
indicative of its potential to suppress the thickness of the diffuse double layer 
if it exists in sufficient quantities. This will result in high attractive forces in the 
medium, leading to a  flocculated structure of the soil medium. In certain
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Table 2.1 Some physical and chemical properties of TNT
Properties Observation
Molecular formula n3o 6c 7h5
Molecular weight: 227.15
Crystal form: TNT exist a s colorless orthorhombic 
crystal or as  yellow monoclinic needles.
Specific gravity: 1.654 g/cm3
Melting point: 80.65°C
Explosion temperature: 476°C (unconfined), 
275°C-295°C (confined)
Dielectric constant 2.9
Viscosity 0.139 poise (85°C) 
0.099 poise (100°C)
Solubility









Figure 2.2 Structural formula of TNT
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cases, this flocculated structure may increase permeability of fine grained 
soils and the potential for advective transport of TNT may increase. However, 
field observations at the Lone Star Army Ammunition Plant (LSAAP) near 
Texarkana, Texas by Phung and Bulot (1981) demonstrated that migration of 
TNT w as not extensive. Acar et al. (1985) showed that the observation based 
on the double layer thickness is not necessarily correct and, for a  number of 
organics that were tested, the trend was observed to be the reverse of that 
predicted by theory. Therefore, a  simple relation to evaluate the hydraulic 
conductivity, a s discussed above, is not valid. Several factors, such as type of 
test, soil pH, applied stresses, site geology and hydrogeology etc. have to be 
considered in evaluating the hydraulic conductivity and the mobility of 
organics in contaminated soils.
TNT does not undergo partial decomposition when melted. Samples 
of TNT have been melted and solidified at least 60 times with no significant 
decrease  in melting point (Dept, of Army 1984). In addition TNT is not 
classified as dangerous with respect to hazard from electric sparks. TNT also 
shows no deterioration after 20 years of storage in a  magazine, or after two 
years a s  a  liquid at 85°C. Only a  small amount of decomposition occurs after 
storage at 150°C for 40 hours. Hence TNT is quite persistent in the 
environment.
Strong promoters of TNT decomposition include potassium nitrate, 
potassium chloride, certain iron and cobalt compounds, and ammonia. Other 
active compounds include hydroquinone, benzoic acid, activated carbon,
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trinitrobenzaldehyde, and 4,6-dinitroauthranil. Aluminum oxide has a 
pronounced effect on TNT, while PbO, Fe, Al, and Fe20 3 are less effective in
the order listed. Exposure to strong sunlight and UV light for several hours 
also accelerates decomposition. TNT is stated not to be biodegraded under 
normal conditions in the environment (Freeman 1986). Others (for example, 
Cham bers et al. 1963 and Nay et al. 1974) have indicated that TNT is 
somewhat biodegradable. Metabolites of TNT are 4-amino-2,6-dinitrotoluene 
(4-ADNT, or simply 4-A) and 2-amino-4,6-dinitrotoluene (2-ADNT, or simply 
2-A).
Mobility of TNT and other contaminants can often be derived from its 
partition (distribution) coefficients, K^ Its value is a  function of organic carbon
content, foc, and it may be calculated from the product of fQC and Koc, i.e. the
partition coefficient for a  hydrophobic compound between soil and water. K00
is usually related to the octanol-water partition constant, Kow, which is a
m easure of the hydrophobicity of the solute and known for many organic 
compounds. For TNT, the relationship provided reads (Lyman et al. 1981)
log 0.937 log Km - 0.006 <2 -1)
and Kow for TNT is related to the solubility of TNT in water, Sw, by
log -1 - =0.996 log - 0.339 (2 .2)
Typically, TNT has a  relatively high value of Kd , which indicates a
highly hydrophobic compound and which poses less migrational problem as 
adsorption is predominant. It has been reported from sorption experiments 
that TNT sorption isotherms exhibit lack of hysterisis, i.e. almost a  complete 
reversibility of adsorption/desorption behavior (Legget 1985; and Pennington 
and Patrick 1990). This behavior could lead to significant desorption and 
continuous leaching during cyclic changes in soil moisture due to rainfall and 
fluctuations in groundwater, resulting in migration of the species and spread 
of contamination. Pennington and Patrick (1990) also found that after three 
sequential desorption cycles, only about 20% of adsorbed TNT was retained, 
which suggest that continuous leaching may remove significant amounts of 
TNT adsorbed onto the soil surface. In this study, Pennington and Patrick 
(1990) also dem onstrated that the Kd value for TNT was lower under
oxidizing rather than reducing environments. This fact is quite significant in 
this research because it implies that TNT might be released from soils with 
the oxidation conditions near the anode.
No federal toxicity standards exist for TNT. The U.S. Army Medical 
Bioengineering R esearch and Development Laboratory (USAMBRDL) 
recommended interim criteria for the protection of drinking water and aquatic 
life are  0.049 ppm and 0.06 ppm of TNT, respectively (Burrows and 
Kobylinski 1984). The 96 hour LC50 (lethal concentration for 50 % of animal
species) value was reported at 2.58 mg/L. No deaths among fish were found
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at a  concentration of 1.78 mg/L and all fish died within 10 minutes when 
exposed to 44.9 mg/L TNT (Smock et al. 1976). For protection from airborne 
TNT by dust, a  threshold limit value of 1.5 mg TNT per cubic metre of air 
(m g /m 3) w as adopted by the U.S. Occupational Safety and Health 
Administration and the concentrations are  required to be monitored, 
especially in TNT factories.
2.4 Characteristics of Surfactants
Surface active agents, or surfactants, are an interesting c lass of 
chemical species. Their dual characteristics, hydrophilic (water-loving) and 
hydrophobic (water-hating) make them quite useful. They tend to concentrate 
at the surface and interfaces of an aqueous solution and alter the surface 
properties. In distinction, the term detergent is applied to a product or 
formulation of surfactants designed for cleaning or laundering. Modern 
detergents usually contain about 10-30% surfactant (Swisher 1987). 
Surfactants play an important role in many processes ranging from the very 
m undane (washing clo thes and dishes) to the very sophisticated  
(microelectronics). In civil engineering, the use of additives in improving the 
characteristics of concrete has been known for several years. Additives are 
also used in bitumen for pavements. These additives are in fact surfactants. 
The various applications of surfactants have been summarized by Karsa 
(1987).
An amphiphilic (hydrophobic-hydrophilic) surfactant molecule consists 
of a  hydrophilic head group and a hydrophobic tail (Figure 2.3). The
incompatibility within the sam e molecule is the cause of the unique behavior 
of surfactant molecules. The molecules will orient them selves in such a  way 
a s  to place their hydrophobic tail (nonpolar) in a  hydrophobic environment 
and the hydrophilic head (polar) in a  polar environment. When it is exposed 
to dirt particles, for example, the result is formation of an adsorbed layer at 
the interface and the agglomeration of surfactant molecules into spherical, 
cylindrical or lamellar micelles above the critical micelle concentration 
(CMC), as shown in Figure 2.4. A micelle is an aggregate of 50 to 200 
surfactant molecules (Harwell 1992). This CMC concept is very important, 
since it has been long recognized that there are abrupt changes in a  large 
number of properties, such a s  solubility, conductivity, surface tension, and 
self diffusion at that particular concentration (Lindman 1984).
One of the most important and fundamental actions of the surfactant is 
to solubilize immiscible species by reducing the interfacial tension (IFT) that 
repels the organics away from water. With this action the organics captured 
in the micelle will go into solution. It could then be postulated that the 
momentum provided by the prevailing electroosmotic flow under the electric 
field will carry them over to the cathode. Nonionic species will be transported 
by electroosmosis from the anode to the cathode provided that they are 
available in the aqueous solution, i.e. the species are soluble in the aqueous 
phase. It then seem s favorable to have cationic micelles in EK remediation 
process. In addition to the electroosmotic flow, the removal of contaminants 














Figure 2.4 Surfactant molecules encapsulate a  contaminant molecule and 
formed a  micelle
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counter argument would be that the positively charged cationic molecules 
will have high affinities to the negatively charged soil surfaces, resulting in 
adsorption and a  strong orientation which will make the process inefficient. 
This is the main reason why most studies on surfactant solubilization of 
organics in soils, that have so far been reviewed, avoid cationic surfactants. 
Negatively charged micelles, however, will be attracted to the anode and 
therefore migration will be opposed by the prevailing electroosmotic flow of 
the aqueous phase from the anode to the cathode. A more detailed 
discussion will be presented in Chapter Three.
Precipitation of insoluble compounds is a  problem associated with EK 
remediation of inorganic species in studies conducted previously at LSU. In 
EK processes, upon electrolysis, dramatic change of pH occurs across the 
sam ple, which could give rise to different types of complex ions. The 
migration of metal ions and hydroxyl to their respective electrodes will cause 
them to chemically react with each other and prevents the metal ions from 
migrating all the way through the system, thus reducing the efficiency of the 
extraction process. The aid of additives in solubilizing the reaction products 
may prevent any precipitation from forming, thus promoting flow throughout 
the system. Acar et al. (1995) described a  system in which acetic acid is 
introduced at the cathode compartment to neutralize the base generated in 
order to prevent precipitation.
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2.5 Physico-Chemical Behavior of Soil-NOC-Surfactant 
System
Figure 2.5 conceptualizes the physico-chemical description of what 
may be taking place before and after surfactant solutions are introduced in a  
system  comprised of soil-NOC and water. The various partition coefficients 
involved in this system are also shown in the figure.
In the absence  of surfactant (Figure 2.5a), the amount of NOC 
adsorbed onto the soil is related to the amount of NOC available in the 
aqueous phase by the distribution coefficient, Kd  The addition of surfactants
below their CMC is assum ed to have little or no effect on desorption or 
solubilization, a s  mentioned in section 2.4. When enough surfactants are 
added to the system, the surfactant adsorption capacity onto soil (Qmax), is
fulfilled and the CMC in the aqueous phase is attained (Figure 2.5b). At this 
point, the surfactant monomer (single molecules) concentration is at a  
maximum. The addition of excess surfactant beyond this concentration will 
result in the formation of micelles. The partition between sorbed NOC and the 
aqueous phase NOC for this case  is represented by, Kdcmc. Figure 2.5c
illustrates a  system in which the bulk solution has surfactant concentration 
greater than the CMC. Qmax remains the sam e (Edwards et al. 1994a), since
it was found that the amount of surfactant sorbed remains constant over a 
range of solution greater than the CMC. The equilibrium partitioning between 









Figure 2.5 (a) Soil-NOC-water system without surfactant, (b) Soil- 










(c) Soil-surfactant system at the bulk liquid surfactant 
concentration greater than the CMC (modified after Edwards 
et al. 1994a)
i.e. The partition between the sorbed phase NOC and the bulkOf cmc
solution (aqueous phase + micelles) is termed a s  Kdsuf (Edwards et al.
1994a). Also, in this system, a  partition coefficient Km, is usually defined. This
coefficient depicts the distribution of the NOC in the micellar pseudophase 
and the aqueous pseudophase. It is an important guide to obtain Kdsufl
which is one of the fundamental parameters in the transport model involving 
surfactant desorption.
2.6 Surfactant Enhanced Remediation of Soil
Generally, surfactants have been and are still being commonly used in 
conventional industrial applications such a s  for detergents, cosm etics, 
agricultural products, etc. The complex nature of toxic chemicals found in the 
environment have prompted engineers and scientists to use surfactants to 
aid currently available remediation technologies. The hydrophobic nature of 
many organic chemicals leads to their adherence on soil surface. Therefore, 
they cannot be readily cleaned, for example, by simple soil washing or 
pump-and-treat techniques. Surfactants are hypothesized to be appropriate 
materials to change the solution behavior of contaminants, particularly water 
insoluble species since they are able to solubilize organics in aqueous 
solution. The potential use of surfactants in hydraulic recovery of 
groundwater has been studied and established in laboratory te s ts  (for 
example, Abdul et al. 1990, Edwards et al. 1991, West and Harwell 1992, 
Pennel et al. 1993). The use of surfactants in remediation w as first
29
investigated by the Texas Research Institute (1979,1985) for the recovery of 
petroleum. A mixture of 2% of two surfactants (anionic and nonionic) 
removed more than 80%, 70%, and 60% of gasoline from one-, two-, and 
three-dim ensional laboratory models, respectively. The use of nonionic 
su rfac tan ts  to rem ove PCBs, chlorinated phenols, and  petroleum  
hydrocarbons from soils was investigated by Ellis et al. (1985). It was found 
that over 90% of the contaminants were removed from soil at surfactant 
concentrations of 1 ;5%. This removal was an order of magnitude higher than 
with water flushing only.
S tudies on surfactant enhanced remediation normally centered 
around desorption or solubilization enhancem ent of hydrophobic organics. It 
is not uncommon to expect that the increase in removal efficiency is usually 
attributed to an increase in desorption or solubilization. This is truly so in soil 
washing and pump-and-treat processes because removal depends on the 
extent of organics present in the aqueous phase. Higher removal efficiencies 
are directly attributed to higher concentrations of organics dissolved in the 
aqueous phase.
It has been established that the solubilities of organics increase 
linearly with surfactant concentrations (for example, Kile and Chiou, 1989; 
Edwards, et al. 1991; Chiou et al. 1991; Rouse et al. 1993; Edwards et al. 
1994). Usually there is also little or no increase in solubilization below the 
CMC but significant solubility enhancem ent below the CMC has also been 
observed (Kile and Chiou 1989; Kile et al. 1990). This is important because
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the water solubility enhancem ent below the CMC can be significant for 
compounds of extremely low solubility. Solubility enhancem ent below the 
CMC also helps to minimize the amount of chemical used for cost and toxicity 
consideration. Rouse et al. (1993) com pared the precipitation and 
solubilizing behavior of a  single-headed surfactant molecule (sodium 
dodecylbenzene-sulphonate) and twin head groups (DOWFAX disulfonates) 
on naphthalene. They found that the disulfonates were less susceptible to 
precipitation and exhibited greater solubilization than the monosulfonates. 
When compared with nonionics, the disulfonates were less prone to sorption 
and but had slightly lower solubilization.
Zappi et al. (1993) studied the solubilization of TNT by nonionic 
surfactants. Between 1% and 3% surfactants were used and, at highest 
surfactant concentrations, the increase in TNT concentration was 1.5 times 
(for Alfonic 1012-60 and Tween 80 surfactants) higher than in aqueous 
controls without surfactant. It was also found that sequential desorption cycle 
of TNT contaminated soil results in more leaching of TNT from the soil 
surface. The results suggest that continuous flow or multiple replacements of 
surfactant solution would result in increased removal of TNT from soils.
A laboratory study conducted to wash automatic transmission fluid 
(ATF) from sandy material indicated that removal of over 80% was achieved 
with 0.5% ethoxylated alcohol surfactant, compared to only 23% removal by 
washing with w ater (Abdul et al. 1990). Roy and Valsaraj (1992) 
dem onstrated the use of colloidal gas aphrons (CGA) in washing ATF.
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Basically, CGAs are micron size gas bubbles generated with a  film of 
surfactant around them. The CGAs do not coalesce easily and are 
remarkably different from conventional air and soap bubbles in their stability, 
flow properties, and advective-diffusive transport properties. Solubilization by 
surfactant w as achieved below the CMC. Column washing experiments 
showed that after five pore volumes, recovery of 70% was obtained using 
CGA compared to around 40 % for conventional surfactant, and only 30% for 
a  system  with water only. The recovery of actual oil w aste from a 
contaminated site mixed in the soil is shown in Figure 2.6. It dem onstrates 
that in five pore volumes of effluent, the recovery was 80% using a  CGA 
suspension, while it was only 67% using a  conventional surfactant solution 
(Roy and Valsaraj 1992).
Pennel et al. (1993) studied solubilization and column flushing of 
dodecane by polyoxyethylene (20) sorbitan monooleate (commonly known 
a s  Tween 80). Flushing with a 43 g/L (approximately 4.3%) surfactant 
solution increased dodecane concentration in the effluent by 5 orders of 
magnitude. Considering that the CMC of Tween 80 is approximately around 
13 x 10’4 %, the surfactant concentration used in this case  was very high, 
possibly due to the difficulty of preparing dilute solutions in the vicinity of the 
CMC. Nevertheless, this study concludes that sizeable enhancem ent of 
organic recovery may be achieved with surfactant solutions.
G abr et al. (1995) observed that partition coefficients betw een 

















Figure 2.6 Washing of oily waste in soil column using CGA and surfactant 
(Roy and Valsaraj 1992)
(10mMto 100mM), indicating reducing adsorption of naphthalene onto 
kaolinite a s  the concentration of SDS is increased. Solubilization tests also 
show ed increase in naphthalene concentrations with increasing sodium 
dodecyl sulfate (SDS) concentrations. Permeability te s ts  for 80%:20% 
sand:kaolinite mixture, for various levels of SDS concentrations, showed two 
orders of magnitude reduction in hydraulic conductivity a s  the soil is 
saturated. However, once saturated, the m easured hydraulic conductivity 
w as relatively constant and after sometime, it increased steadily. Flushing 
94% naphthalene using 10mM SDS took 49 pore volumes (2.5 months) and 
7 pore volumes (4 days) for sand:kaolinite mixture and sand, respectively 
(Gabr e ta l. 1995).
The studies m entioned in the preceding discussion all show ed 
excellent flow/removal properties with surfactants. O ther researchers, 
however, reported discouraging results from flow rate m easurem ents. The 
evidence for conductivity loss during soil flushing with surfactants was first 
reported by Miller et al. (1975). Allred and Brown (1994) m easured a 
maximum hydraulic conductivity decrease of 47 % for sandy soil and more 
than two orders of magnitude for loam. Surfactant concentrations, surfactant 
mixtures, soil organic content and added solution electrolytes, all would 
affect the degree of hydraulic conductivity losses. The loss mechanism 
includes pore blocking, soil colloid dispersion, and increase in solution 
viscosity.
An attem pt to evaluate the feasibility of using surfactants in EK 
remediation has been studied by Tran and Gale (1992). The results from 
column/cell experiments using SDS as surfactant are shown in Figure 2.7. 
SDS is an anionic, synthetic, commercial surfactant and was used in this 
study at concentrations of 8 mM to 20 mM. The fact that this surfactant meets 
the requirements of the FDA/EPA Regulation 21 CFR 178.3400 (emulsifiers 
and/or surface active agents) and that it is employed at extremely low 
concentrations m akes it one that could be employed in micellar EK 
remediation. At 8mM, which is the CMC for SDS, little removal/migration of 
hexachlorobutadiene (HCBD) was observed from the anode to the cathode. 
Increasing the SDS concentration to 20 mM showed som e progress in 
migration of HCBD away from anode indicating remediation was taking place 
at the anode. Tran and Gale (1992) also conducted bench scale tests using a 
cationic surfactant, cetyltrimethylammonium chloride (CTAC). They showed 
ineffectiveness of the treatment at the surfactant CMC and also at 20 times 
the CMC, possibly due to low solubility enhancem ents of CTAC and to 
surfactant sorption losses. No attempt was m ade in these experiments to 
prevent the formation of proton or hydroxyl ion at the electrodes.
Wittle and Pamukcu (1993) reported movement of chlorobenzene, 
hexachlorobenzene, and phenol in EK te s ts  enhanced  with sodium 
dodecylbenzene sulfonate (SBDS), another anionic surfactant. It is 
interesting to note that in tests where the anionic surfactants were added at 
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Figure 2.7 Hexachlorobutadiene (HCBD) removal efficiency across the
specimen by electrokinetic remediation enhanced with the use of 
sodium dedocyl sulfate (SDS) in the anode compartment (Tran 
and Gale 1992)
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attributed to the increase in mobility towards the cathode. It must be pointed 
out that the application of anionic surfactant will result in the formation of 
negatively charged micelles which will be attracted to the anode. Movements 
of contaminants towards the cathode were simply due to the increase in the 
electroosmotic flow. The increase in solubility of the species with the 
application of the surfactants may have resulted in the transport of the 
organics. It is expected that, in time, this flow will eventually cease  and the 
migration of micelles towards the anode will be the dominant transport 
process (Taha et al. 1994).
CHAPTER THREE
SELECTION OF SURFACTANTS FOR 
ELECTROKINETIC REMEDIATION OF SOILS
3.1 Introduction
The selection of an appropriate surfactant for a particular application is 
a  difficult task. There are a large number of surfactants marketed by different 
manufacturers and there are many different types (for example, anionic and 
cationic) and kinds (for example, straight-chains and branched-chains). 
Furtherm ore, a su rfac tan t m ay have both a d v an tag e o u s  and 
disadvantageous properties for a  particular process. Therefore, these  
properties and the particular process have to be known and studied in detail 
before their application for a  process is justified.
Rosen (1978) indicated that economic factors are usually important 
and quite often one chooses the least expensive surfactant that will do the 
job. In addition, it is necessary  to consider (1) physical and chemical 
properties of the currently available surfactant and its uses, (2) the interfacial 
phenomena involved in the job to be done and the role of surfactant in these 
phenomena, and (3) the surface chemical properties of various structural 
types of surfactants and the relationship of the structure of the surfactant to its 
behavior in various interfacial phenomena. However, increasing
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environmental concern has m ade toxicity a main priority among all other 
criteria mentioned above.
In order to select a  surfactant to assis t EK rem ediation, the 
fundamental mechanisms of the EK processes must be reviewed in view of 
the problems to be tackled. The principle idea behind this work will be 
repeated herein in an attempt not to lose sight of som e of the important 
concepts and attributes of the technique. These principles will then be used 
to evaluate the potential and role of surfactants in the EK enhancem ent 
process.
3.2 Fundamentals of EK and Surfactant Enhancement 
Processes
In EK remediation, H+ ions (acidity) are generated at the anode, 
migrating towards the cathode and consequently decreasing the soil pH. 
Desorption of selected contaminant species from soils will occur as the acid 
flushes across the soil m ass. Similarly, at the cathode, OH' ions (basicity) 
are  generated, migrating towards the anode and increasing the soil pH. 
Therefore, the anionic and cationic species migrate to the respective 
electrodes by virtue of their ionic mobilities. In addition, the application of 
electric field initially will result in electroosmotic flow from the anode to the 
cathode. Any species which are soluble in the aqueous phase will also be 
carried to the cathode as long as this transport prevails. The driving force for 
electroosmotic flow can be expressed by the electroosmotic coefficient of 
permeability.
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In this study, the contaminant of interest is TNT, a  water insoluble 
organic compound (hydrophobic), which is nonpolar. From the preceding 
discussion, it may be deduced that this compound could not be carried 
effectively to the cathode by the electroosmotic flow due to its insolubility in 
water. However, TNT is not totally insoluble, therefore, som e at the solubility 
limit move to the cathode. Being nonpolar, ionic migration will not exist a s  a 
driving mechanism to aid its transport. The only other m eans of transport will 
be through diffusion. Transport based  on diffusion will not be effective 
because it is much slower than ionic mobility and electroosmosis under the 
sam e conditions of operation. It is apparent that by the application of 
positively charged surfactants (producing cationic micelles) removal of TNT 
will be enhanced since both the ionic migration and the electroosmotic flow 
will be in the sam e direction. However, at the sam e time, the positively 
charged species will have high affinity to the negatively charged soil surfaces 
decreasing the efficiency of the process. If the micelles are negatively 
charged (by applying anionic surfactants), their migration direction will 
oppose electroosmotic flow. Although sorption is less of a  factor, opposing 
flow will also reduce the effectiveness of EK processes. Other factors 
involved in the selection of surfactants for EK remediation will be covered in 
the next section.
3.3 Surfactant Selection Criteria
Ideally, there are several criteria that will have to be recognized and 
considered to optimize surfactant enhanced EK remediation. Information
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given by manufacturers is usually limited to very basic characteristics, such 
a s  compound formula, boiling point, freezing point, specific gravity, fire and 
health hazard warnings and toxicity. Although som e com pounds were 
provided with adequate data, many have data that are insufficient for a  
detailed evaluation and comparison of the true potential of the surfactants. 
B ased on current literatures and argum ents, the following criteria are 
suggested for the selection of surfactants for EK remediation:
•  Toxicity
Toxicity is a  central element of virtually all problems associated with 
improving the environment. An understanding of toxicity is an important step 
towards safe and proper utilization of a  surfactant. Toxicity refers to the 
inherent ability of a compound to produce adverse symptoms or death in a 
living organism. Predictions of toxic effects to hum ans are almost always 
derived from controlled studies in single celled organisms and then animals 
such a s  rats and fish. The toxicity data are also used for hazard and risk 
evaluation by respective government agencies for regulatory purposes.
Most surfactants are toxic but at concentrations normally met in the 
environment, such as in rivers and lakes, it is not toxic to humans (Swisher 
1987). The material safety data shee ts  (MSDS) of the suppliers and 
manufacturers normally have some statem ent regarding the relative toxicity 
of the surfactants (for example, very harmful, harmful or less harmful). These 
classifications are vague and are quite insufficient for a  detailed evaluation of
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the toxicity of a  particular surfactant. They are normally used for comparison 
purposes for a group of surfactants supplied by a  single manufacturer. The 
LDS0 values, i.e. a  statistically or graphically estim ated dosage that is
expected to be lethal to 50% of a  group of organism s under specified 
conditions (ASTM 1993), or the LD100 values are also reported. Sometimes
LDS0 is replaced by LCS0 which represents lethal concentration. The dosage
term is usually used to represent the results for oral toxicity of mice and rats, 
w hereas the concentration term is used for fish. T hese (LD and LC) 
m easurem ents are the two most commonly used param eters in toxicological 
evaluation of chemicals. Other terms include the TDS0, i.e. the toxic dose for
50% population in which the toxic effect must be specified, and the EDS0, i.e.
the effective dose, usually use as an index of therapeutic efficacy (Magnus 
Francis 1994).
Higher LD or LC values are usually indicative of decreasing toxicity for 
the chemicals. The kinds of surfactant and their structures may also give 
indications of their relative toxicities. As molecular weight increases, the LC 
or LD decreases (less toxic). Amphoteric surfactants are considered to be 
less toxic than other types of surfactants (Rosen 1978) and the application of 
amphoteric surfactants is solely to reduce toxicity of products. Generally, 
ionic surfactants are  usually more toxic than the nonionics. Although 
comprehensive studies of the toxicities of selected surfactants are available 
(for example, Talmage 1994), the toxicities for most surfactants have not
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been identified, which m akes decision on the choices for soil remediation 
purposes very difficult.
•  FDA/USEPA rating
The need for regulation of the distribution and usage of chemicals is 
clearly based  on the need to protect human health and safety. Some 
surfactants are approved by the Food and Drugs Administration (FDA) and 
the United S tates Environmental Protection Agency (USEPA) for use in 
detergents and food products. At the sam e time, many surfactants have not 
been evaluated due to their limited known use and recent manufacture. The 
evaluation is based on many criteria that represent the hazardous nature of 
the surfactant to human beings such a s  toxicity, skin exposure, safety in 
handling, fire and explosion considerations.
•  Cost
There is always a  pressure to keep the cost of chemicals down in 
order to have the most economical remediation. Therefore, economic 
consequences should be considered a s  one of the principle criteria to be 
evaluated when the use of surfactant is involved.
Anionics consist of 73% of the US consumption, followed by 
approximately 21% for nonionics, cationics with 6%, and amphoterics with 
less than 1%. From these  numbers, it may not be difficult to figure that 
amphoterics and cationics are more expensive than anionics or nonionics. 
Based on Witco Corporation, Houston, Texas (Witco Corp. 1994) the cost of
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most surfactants range between $1.00 to $1.50 per pound based on bulk 
purchases. Hence, cost seem s to be a minor consideration in selection 
processes.
*  Aqueous solubility/electroosmotfc transport
Aqueous solubility of surfactants is one of the fundamental aspects or 
requirements of a  successful EK soil remediation. Surfactant solutions are 
prepared with water and therefore they need to be soluble in water to 
enhance mixing and soil penetration. From the experience gained from the 
limited laboratory tests conducted in this project, surfactants that had limited 
solubility in w ater posed  difficulties during preparation of solutions. 
Glassware became clogged and solution mixing became quite cumbersome 
and difficult. These specific surfactants were usually supplied in the form of 
sticky, gel type of mixtures and their high viscosities were also indicative of 
their water insolubility. In addition to ease  in mixing, the surfactants should 
not cause soil particles (especially the fine sized particles) to be suspended 
in the solution. Soil suspension will cause blockages in the pores and will 
minimize flow.
•  Organic solubility
The action of the surfactants is to desorb the organic from the soil by 
providing a preferable hydrophobic environment. At the sam e time, the 
surfactants also solubilize the organic. These processes make it possible for 
the transport of organics by electroosm osis and migration, Desorption,
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solubilization and the eventual mobilization of organics are very important for 
a  successful surfactant enhanced remediation. This property must be 
assessed  prior to any enhancement using surfactant.
Another important parameter related to solubilization is the Kraft Point 
of the surfactant. The Kraft Point is the temperature at which the solubility of 
the individual surfactant molecules (monomers) in water reaches the CMC of 
the surfactant. Below the Kraft Point the surfactant shows very limited 
solubility enhancement. Above the Kraft Point, the solubility increases.
Solubility is also expected to increase with the increase in the alkyl 
chain length of the surfactants (Tadros 1984). Branched-chaln or ring- 
containing surfactants are  generally more soluble than straight chain 
materials.
*  Surfactant losses
Basically, the sorption of surfactants (and also of other chemicals) onto 
soil surfaces in the presence of water are the results of either of two types of 
interactions. First, called coulombic interaction (or electrostatic interaction), is 
one in which the positively charged compounds are attracted to the 
negatively charged soil surfaces. The other is a  hydrophobic interaction, in 
which nonpolar compounds are covalently bonded to the soil. In addition, 
there is also an interaction between the hydrogen bonding group on the soil 
surface and the aqueous surfactant. Surfactants with high affinities to the 
negatively charged soil surfaces are not very useful due to surfactant
45
efficiency loss from sorption processes. Therefore, cationic surfactants are 
not commonly used in studies involving soil washing. There is also evidence 
that nonionic surfactants may also be adsorbed onto the soil surface by 
hydrophobic sorption (Edwards et al. 1994).
Surfactant may also be lost due to various reactions that surfactants 
can undergo in the actual remediation processes. The possible phase 
changes include precipitation of ionic surfactants by other ions, the formation 
of liquid crystals or a  coacervate phase, and the abstraction of the surfactants 
from aqueous phase into a  trapped phase (Harwell 1992). Precipitation of 
surfactants is also related to the Kraft Point in such a  way that the closer the 
tem perature of a  solution to the Kraft Point of the surfactant, the more the 
tendency of the surfactant to precipitate (Harwell 1992).
*  Potential for EK transport/migrational transport
This criterion is m eant to a s se s s  the movement of the resulting 
micelles under electrical gradients. Cationic micelles will be moving in the 
sam e direction a s  the electroosmotic flow. Anionic micelles will migrate in an 
opposite direction to the electroosmotic flow. Nonionic micelles will only flow 
by electroosmosis. Cationics are possibly the best for migrational transport, 
followed by nonionics, and then the anionics.
•  CMC
CMC helps us to determine the amount of surfactants to be used. The 
lower the CMC, the less the surfactant need and the lower the potential
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toxicity. Usually nonionic surfactants have tower CMC, followed by anionics, 
and cationics (Jam es et al. 1987). Generally the CMC decreases with an 
increase in chain length of the hydrophobic group of a  particular surfactant 
type (Groves 1987). For a  given molar surfactant concentration, a  decrease 
in CMC would result in more micelles and hence a  larger number of smaller 
sized organic particles. This in turn leads to an increase in reaction rate (for 
example, solubilization) because of the increased number of reaction sites. 
Overall, a  greater chain length in the hydrophobe should therefore result in 
an increase in reaction rate.
*  Stability to electrochemical products
Since acids and bases are formed a s  a  result of the decomposition of 
water at the anode and cathode, respectively, reactions of the surfactants 
with the acids and b a se s  should not result in any precipitation or 
decomposition of surfactants that will decrease  or lose their intended 
properties. Therefore, it is clear that decontamination by EK requires a  stable 
system, i.e. in which the surfactant will retain its activity in the soil-aqueous 
surfactant system at process conditions.
*  Biodegradability
Biodegradation is the breakdown of chemical compounds via biotic 
system s to less complex structures. This is primarily the result of bacterial 
action (Swisher 1987). Surfactant of choice must also not be rapidly 
biodegraded in order to maintain its effectiveness and for possible recycling.
47
However, it is also desirable that surfactants are not washed away and that 
they remain in the soil after remediation to biodegrade naturally to nontoxic 
sp ec ie s . In general, nonionic su rfac tan ts  a re  m ore res is tan t to 
biodegradation. Straight chain molecules are  much more biodegradable 
than branched-chain, or ring-containing surfactants. Fluorocarbon chains, 
even when straight, are resistant to biodegradation (Rosen 1978).
*  Co-surfactants
The formulation for enhancem ent by surfactants typically consists of 
one or more surfactant species, co-surfactants, and inorganic salts and/or 
bases, and polymers. The primary surfactants, co-surfactants, and inorganic 
salts are blended to optimize phase behavior. The primary surfactants are 
mainly used a s  the main cleaning agent. Co-surfactants may be used to 
retard the formation of floes caused by the primary surfactants (Nash and 
Traver 1986). Other inorganic salts and bases are added to reduce surfactant 
adsorption on minerals, and to reduce clay swelling, which may hinder flow. 
Polymers are  included to improve overall performance of the process 
(Schenewerk and Wolcott 1992).
*  Mechanical behavior of soil-surfactant system
Fleureau et al. (1988) observed that cationic surfactants significantly 
affected the swelling characteristics of a  kaolinitic soil. They also observed 
that the reduction in unconfined compression strength of sam ples treated 
with anionic surfactant were more significant than in the case  when soil
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sam ples were treated with cationic surfactant. Cabral et al. (1995) found that 
significant com pression occurred in com pacted till sam ples during 
submergence and flushing with of an anionic surfactant solution compared to 
a nonionic surfactant. Therefore, in addition to recovery efficiencies, there is 
also a  need to ' consider possible deleterious effects of the mechanical 
behavior of soil-surfactant system.
3.4 Evaluation of Surfactant Potential
The selection of a  suitable surfactant requires consideration of the 
best environment and conditions for removal of species under electrical field. 
A complete rating, however, is currently not possible because  many 
surfactant properties described in the preceding section are not known in 
detail. For the sake of demonstration, a  comparison of the ratings of the types 
of surfactants, i.e. cationic, anionic and nonionic, will be discussed by 
considering only three of the most important “technical" factors, i.e. sorption, 
electroosmotic transport rate and migrational transport rate.
At first glance, cationic surfactants may well be thought to provide the 
best option a s  cations will be removed both by the electroosmotic advection 
and electrical migration. However, it is also necessary to consider that the 
positively charged micelles will have high affinity to the negatively charged 
soil surfaces and sorption may become a  problem, especially in high activity 
soils. Anionic surfactants, however are not expected to pose such sorption 
problem s. The shortcoming of using anionic surfactants is that the 
electroosmotic flow will be in a  direction opposing the migrational transport of
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such species. As to nonionic surfactants, the transport component due to 
ionic migration will not exist, obviously due to their nonpolar characteristics. 
However nonionic micelles will not pose shortcomings associated opposing 
migration and less sorption problems than cationics. Table 3.1 summarizes 
the preceding discussion and ranks the various properties with respect to the 
types of surfactants (Taha et al. 1994). One may be misguided to use this 
table in such a  way that by adding the respective contributions, and 
postulating that the type of surfactant that gives the highest numerical value, 
will be the best for EK. This is not the case  in the current discussion because 
this table is only intended for relative comparisons and the numerical values 
assigned are not additive.
Table 3.1 A ranking of the types of surfactants to be used in EK remediation 






Cationic 1 3 3
Anionic 3 3 1
Nonionic 2 3 1
Mote: 1=least desirable option;3=most desirable option
Example: When cationic surfactants are used, sorption will be a  problem 
(less desirable option), electroosmotic flow and ionic migration direction in 
soils will both assist species transport towards the cathode (most desirable 
option)
As mentioned in section 2.5, preliminary tests (Tran and Gale 1992) 
indicated that cationic surfactants are not effective. There w as little or no 
removal (movement away from the anode) of HCBD from kaolinite in EK tests 
with CTAC. It w as concluded that sorption of CTAC micelles onto soil 
surfaces may have resulted in the ineffectiveness of the treatment. In a  study 
conducted by Li and Gale (1994) on fine fused silica capillaries, a  reverse 
cathode to anode electroosmotic flow w as observed when using CTAC 
above the CMC. The investigators argued that this is possibly due to 
adsorption of positively charged micelles on the surface of the capillary wall, 
forming a  positively charged secondary layer. Electroosmotic flow direction 
would then reverse due to excess anions in the double layer. The 
electrophoretic direction would still be from the anode to cathode because 
the micelles are positively charged. It has also been discussed (Figure 2.7) 
that upon using SDS there was a  marked improvement in removal. This is 
possibly due to greater solubilization power of SDS compared to CTAC. It is 
a lso  interesting to note that electroosm otic flow is g rea te r than 
electrophoretic migration for SDS micelle under conditions of pH above 5. 
Thus, the SDS micelle also migrates towards the negative electrode under 
electrical gradient at a  velocity equal to the difference betw een the 
electroosmotic and electrophoretic velocities (Terabe 1993).
The preceding discussion demonstrates that Table 3.1 serves only to 
show relative advantages of each type of surfactant and rankings are  not 
additive. It is also shown that selection of surfactants for EK remediation is
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not a  straightforward process, even when a few selected properties are taken 
into consideration. Decision on which type or kind of surfactants to be used in 
EK remediation would still have to be established by hypotheses and 
subsequent experiments.
3.5 Observation
At this stage, in addition to toxicity and cost factors, it is hypothesized 
that solubility of the organic pollutant in a  micelle and surfactant net charge 
a re  considered to be the principal criteria for EK remediation. Higher 
solubility m akes more species available for transport to the cathode by 
electroosm osis. Surfactants which form micelles with greater solubilizing 
capacity will have a  greater advantage. In addition, greater solubilizing 
power m eans that less concentration and amount of surfactants are needed, 
reducing the cost and also the concerns related to the surfactant’s 
environmental toxicity.
Type of surfactants is an important aspect in relation to the flow 
direction and soil sorption. Ionic migration and electroosmotic flow will be in 
the sam e direction for positively charged micelles (cationic surfactants). This 
will be advantageous with respect to transport rate. However, adsorption 
onto negatively charged soil surfaces becom es a  problem. This has been 
one of the reason why cationic surfactants have been avoided for soil 
washing in the past (Rouse et al. 1993). Anionic surfactants on the other 
hand will be less problematic with respect to soil sorption. But their migration 
from the cathode to the anode will be opposed by the prevailing anode to
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cathode electroosmotic flow. Although it will be expected that TNT species 
will be collected at the anode, it is possible that the process will be less 
efficient due to the opposing flow. Nonionic surfactants may counterbalance 
the advantages and disadvantages related to flow and sorption. As to 
amphoteric surfactants, it is difficult to speculate about their performance 
because of their changing properties in acidic and basic environments.
CHAPTER FOUR
SURFACTANT ENHANCED TRANSPORT 
UNDER ELECTRICAL FIELD: 
THEORETICAL MODELS
4.1 Introduction
There is a  need for a  representative theoretical model for transport 
processes under electrical field in porous medium. An important consideration 
in modeling EK processes is that when two electrodes are inserted into moist 
soil and electric current is passed between them, a  host of different processes 
can occur, in addition to straightforward phenomena such as electroosmosis 
and electrophoresis other processes such as ion exchange, ion diffusion, the 
buildup of osmotic and pH gradients, dessication, decomposition of primary 
soil minerals, precipitation of secondary minerals, electrolysis, hydrolysis, 
oxidation, reduction, physical and chemical adsorption, and reorientation of 
clay particles or fabric changes could occur. Therefore, a  thorough 
understanding of the  complex reactions that chemicals undergo in soil 
system s upon the application of electric fields is of paramount importance in 
predicting species movement in the soil.
A number of models have been proposed for conduction phenomena 
under electrical gradients (for example, Acar et al. 1988; Acar et al 1989;
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Shapiro et at. 1989; Yeung 1990; Acar et al. 1990; Corapcioglu 1991; Eykholt 
1992; Alshawabkeh and Acar 1992 , Alshawabkeh 1994; Jacobs et al. 1994; 
and Alshawabkeh and Acar 1996). T hese models have advanced our 
understanding of the  theoretical aspec ts  of the  process. In addition, 
improvements of experimental procedures have also been derived directly 
from these  studies. There is an ongoing collaborative effort between the U.S. 
Army Waterways Experiment Station and Louisiana State University in the 
development of a  design/analysis package for electrokinetic remediation. The 
objective of this chapter is to provide a  generalized model and to formulate the 
processes involved in surfactant-water-soil system under electric fields.
4.2 Contaminant Transport under Electrical Gradient
The fundamental theory governing m ass transfer in a  continuum under 
concentration, hydraulic and electric gradients has been described by 
Alshawabkeh (1994) and Alshawabkeh and Acar (1996). This discussion will 
only be restricted to those terms and param eters that are of interest in this 
work, mainly the effect of desorption/solubilization and ionization of TNT in 
surfactant enhanced processes.
M ass balance in transport of species under electric fields can be 
formalized as
d c
n - r - r  =  - (V «  J )  +  n R  (4.1)
O I
where n is the soil porosity, c  is the concentration of the contaminant species 
in the pore fluid, t is the time, R  is the reaction term for the species which
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includes sorption, dissolution/precipitation, aqueous phase reactions, etc. and 
J  is the total flux. Under the influence of chemical, electrical and hydraulic 
gradient, the total flux may be described by (Alshawabkeh and Acar 1996)
In which D* is the effective diffusion coefficient of the species, x  is the 
longitudinal distance, u is the effective ionic mobility, fr is the coefficient of
electroosmotic permeability, E is the electric field, kh is the  hydraulic
conductivity of the soil, and h is the hydraulic gradient.
The effective diffusion coefficient, D* of the soil medium is related to the
diffusion coefficient in free solution, D by
In this relationship, t is the tortuosity of the soil medium which has a  value
mostly ranging from 0.2 to 0.5 (Shackelford and Daniel 1991). Tortuosity 
values may be obtained by performing diffusion tests on chemicals with known 
D(for example, chloride ion) and using the conventional advective-diffusive
transport equation, D * is solved. Finally? is back calculated using equation
(4.3). The tortuosity factor may also be expressed as a  function of porosity, n, 
of the media (Millington and Quirk 1961):
(4.2)
D* =  D t p (4.3)
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1.33 (4.4)x - n
It is reported that typical values of D range between 10*6 and 10*4 cm2/s  (Lide 
1993). For neutral organic chemicals in water, the D values are normally in 
the range of 10'5 to lO ^cnr^/sec. The diffusion coefficient is also temperature 
dependent. At 5°C, it is only about half a s  large a s  it is at 25°C (Lyman et al. 
1992). When tabulated values of D are not available, they may be estimated 
from data on similar chemical species, such that (La Grega et al. 1994)
In this equation D1 and M W 1 are the diffusion coefficient and the molecular
weight of the similar chemical species, respectively. For example, if the D 
value of ethanol is required, it may be estimated from the known value of D for 
methanol, or butyl alcohol or vice versa.
The effective ionic mobility, u ,  defines the velocity of the ion in soil 
pores under a  unit electric field. It may be related to the ionic mobility, u and
estimated theoretically from the effective diffusion coefficient, D* by the Nernst- 
Einstein equation (Oldham and Myland 1994)
(4.5)
U =  t/T/7 =
D \ 2 \ F
FT (4.6)
57
where z  is the charge of the species, F is  Faraday’s constant (96,485 C/mol), R
is the  universal gas constant (8.3144 J/K.mol), and T is the  absolute 
temperature (°K).
The coefficient of electroosmotic permeability, k , is a  soil property that
indicates the hydraulic flow velocity under unit electrical gradient. According to 
the Helmholtz-Smoluchowski theory (Mitchell 1993), kg depends on the zeta
potential (£), viscosity of the pore fluid (77), porosity (n) and the electrical
permittivity of the soil medium (e) with the relation
In the laboratory, kg may be estimated in the laboratory using the following 
empirical relationship
Knowing the flowrate, qe (cm3/sec), cross-sectional area, A (cm3), and the 
electrical potential gradient, /e (V/cm), the coefficient of electroosm otic
permeability, k (cm2/sec-V) is obtained. The values of k varies within one 
0 0
order of m agnitude for all soils, i.e. between 1 x 10 '5 to 10 x 10 '5
(cm/sec)/(V/cm) (Mitchell 1993), the higher values being at higher water
content. Also in equation (4.8), I is the applied current (A), o-is the specimen
(4.7)
q .=  k.i,A = l<ll = ^ l (4.8)
58
conductivity (siem ens/cm ) and k. is the  electroosmotic water transport
efficiency, which is a  m easure  of the  efficiency and econom ics of 
electroosmotic dewatering. The parameter k. varies over a  wide range from 0
to 1.2 cm3/am p-sec (Acar 1992).
Using equations (4.1) and (4.2), the one-dimensional contaminant flux 
equation becom es (Alshawabkeh and Acar 1996)
. d 2Cd c  _. 
n —  = D  ,  
d t  d)C
+ c (u +  k  ) +  k
0 J  dx2 hdx*
d c





The sorption aspects of the term nR will only be discussed in this study. 
Sorption of the  species, R on soil particles is usually represented 
mathematically by
p  d s  _ p  d s  d c  
" T T af ~  ~~ndc d t (4.10)
where p  is the bulk dry density of the soil, and s  is the sorbed concentration. It
is quite common to assum e a  linear adsorption isotherm and the following 
relation is established
d s
d c = Kh
(4.11)
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in which Kd is the distribution coefficient of the species. This coefficient
determines the amount of the species sorbed onto the soil surface.
Combining equations (4.10) and (4.11) and substituting them in 
equation (4.9) yields
—  H a.  P  I f ) D ' d C  +  -£
d t '  n n a x 2 n
(u +  k j  i f f  +  k / h
1 d C  
+  ~n ~dx
d x 2 
d h '
d x 2
(U + ^  d x  +  khd X
(4.12)
The term in parentheses on the left-hand-side of equation (4.12) is usually 
termed as the retardation factor, Rd  i.e
R d=  1 +  ^ K d (4.13)
The contaminant transport equation under electrical gradients, i.e. 
equation (4.12), m ust be  sim ultaneously solved with equations for 
conservation of fluid flux (for example, Alshawabkeh and Acar 1996) and 
conservation of charge (for example, Pillay and Newman 1993; and 
Alshawabkeh and Acar 1996). It can be observed that even under condition of 
flow of water in soils under an applied electric gradient, it is required to solve 
four partial differential equations simultaneously, i.e. equations for H* and Ohf 
transport, and equations for conservation of fluid flux and charge. In addition,
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these equations need to be solved for the imposed boundary conditions of the 
system. The solution for transport of lead nitrate under electrical gradient in 
soil has been described by Alshawabkeh and Acar (1996).
4.3 Transport of TNT in Soils
Transport equations for TNT under electrical gradients may also be 
represented by all the formalisms discussed above. However, based  on 
previous studies certain term s need to be modified to better suit the 
experimental evidence.
Pennington (1988) studied adsorption of TNT after 2-hr equilibration for 
14 soil sam ples from thirteen U.S. Army Ammunition Plant (AAP) sites and two 
additional soils, i.e. Tunica silt and Sharkey clay. An average Kd (linear
isotherm) value of around 4.0 for TNT was reported. It varied with soil type 
and decreases as the soil to solution ratio is increased. The decrease  in Kd
with soil to solution ratio is due to increased desorption of TNT with the 
increase in solution volume. Data from the study showed that Kd for Sharkey
clay (very fine, montmorillonitic, nonacidic) is 11.0, which is significantly higher 
than the reported average. The value ofKd for the Tunica silt (clay loam,
montmorillonitic, nonacidic) is 2.8, which is lower than the average. All other 
field soil sam ples values examined in the study were found to be within these 
two extremes. The results of this study also indicate greater sorption of TNT to 
soils under conditions that promote reduction rather than oxidation. T ests 
results also showed obvious nonlinearities especially at high concentrations,
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when the soil ability to adsorb was at its upper limit. It was also found that the 
adsorption isotherm for TNT fits well using the Langmuir adsorption isotherm 
instead of the linear isotherm.
As described in section 2.4, TNT undergoes transformation and the two 
most common transformation products are 2-ADNT and 4-ADNT. Pennington 
and Patrick (1990) mentioned that small quantities of product compared to its 
parent compound were usually detected. Nevertheless, this reaction warrants
an additional term, Ac in right-hand-side of the transport equation (equation
4.11) that represents transformation of TNT. Therefore, the general equation 
for TNT transport in soils under electrical gradient would read as
d c  _ D '  d 2c  c
d d t  n d x 2 n (u + kj 4̂1 + k / h
1 dC
n d x
d x 2 
d h I
d x 2
( u  +  k J  I f + -  Xc
(4.14)
In this equation, A is general first-order rate coefficient for decay (van
Genuchten and Alves 1982). The retardation factor, i.e. equation (4.13) that is 
incorporated into equation (4.14) is only true for an adsorption process. The 
case  for a  desorption process will be discussed in section 4.4. The effective 
ionic mobility term is deliberately maintained in equation (4.14) because of 
slight polarity of TNT. Merck and Co (1976) reported that TNT has a  dipole 
moment of 1.37 Debye.
In a  study using a  soil column for advective-diffusive transport, and by 
detecting two transformation products of TNT, i.e., 2-A and 4-ADNT, Adrian
(1994) obtained the decay rate, A to be around 0.5 day*1. Under an electric
field and a s  result of the  boundary electrolysis reactions, it will be 
demonstrated in this study that a  part of the TNT transforms into TNT anions 
under reducing conditions at sections n eares t to the  cathode. A 
comprehensive study is required to investigate further the chemistry of the
reactions, the transportation rates of the products and the value of A for
electrokinetic processing of TNT contaminated soil if a  theoretical model for 
transport is needed.
4.4 Fill-up vs Wash-out Problem
Most studies on contaminant transport deal with an adsorption (fill-up) 
process. It is assum ed (and usually simulated in the laboratory) that a 
contaminant species in an aqueous form passes through a  clean soil. As 
adsorption of the species onto the soil occurs, the concentration of the 
contaminant in the  aqueous phase reduces. In the transport model (for 
example equation 4.14), this process is taken care by the retardation factor, 
Rd  The minimum value of the retardation factor is unity, i.e. for an unadsorbed
(or usually referred to as “nonreactive") species.
An examination of the  p rocesses involved in evaluation of the  
retardation factor is a s  follows (Dominico and ochwartz 1990). A clean soil of 
mass, M (g), is shaken with a  solute (contaminant) of volume, V (L), and initial
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concentration, cf (mol/L). At equilibrium, the aqueous phase final concentration 
is cf (mol/L) The test is repeated for the sam e M and \/but for different c/s. The 
adsorbed concentration, s  (mol/g), is calculated as
s  =  ( C r °!) V  (4.15)
M
Then s  is plotted against c ,to  obtain the linear isotherm. From this plot, the
partition coefficient is calculated and its corresponding retardation factor is 
obtained a s  in equation (4.13). Consider a  transport process involving an 
aqueous liquid (initially clean) passing through a  contaminated soil, i.e. a  real 
scenario in many cleaning processes, such as, a  hydraulic recovery process. 
In this case, the contaminant is desorbed from the soil into the aqueous phase, 
consequently increasing the concentration of the contaminant in the solution 
and the effluent. This is an example of a wash-out problem (Adrian 1992).
4.4.1 Derivation of the Advective-Diffusive Transport Equation
Consider only an advective-diffusive problem in which the derivation of 
a  model involving adsorption is based upon. Using conservation of m ass 
equation,
Divergence of flux = Rate of change in storage
(4.16)
o i
The total flux J, may be obtained from equation (4.2) by omitting the effect of 
the electrical gradient. It is usual to assum e the rate of change in storage, w a s
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n | f  + p  f f  (4.17)
Eventually, the conventional transport equation is written as follows
„  d c  _ D* d 2C V0 d c  tA
^dt  = ~n ' H d t  (4’18)
where v * is the effective fluid velocity. With the appropriate initial and
boundary conditions (van Genuchten and Alves 1982), equation (4.22) is 
solved for c(x,t).
In the case  of a  desorption process, two approaches are outlined herein 
to model transport processes. The first approach is based on the adsorption- 
desorption isotherm of initially uncontaminated soil and the second is only 
based on desorption from contaminated soil.
4.4 .2  Desorption Model 1
A common laboratory procedure to a sse ss  desorption of chemicals is 
first to conduct the conventional adsorption test a s  discussed earlier in this 
section (Selim and Iskandar 1994). Desorption test following sorption is then 
carried out as follows; after the solution is decanted, uncontaminated solution 
is added to the soil specimen and mixed. After a  specified equilibration period 
of a  few hours, the samples are centrifuged, supernatant decanted, and tested
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for chemical content. This procedure is repeated until the concentration of the 
species reaches the detection limits.
From this procedure, the  adsorption-desorption isotherm s a re  
established. Figure 4.1 show s an adsorption isotherm and desorption 
isotherms for two initial TNT concentrations (Selim and Iskandar 1994). Each 
desorption curve is a  result of several dilution steps, each followed by 
equilibration period of 4 to 6 hours. The figure also shows that adsorption- 
desorption curves are identical demonstrating the lack of hysteresis of the 
curves (section 2.4). It is also evident that KJs  for both curves are the same.
In reevaluating equation 4.5, it appears that s  will be negative because 
Cj is less than cr Therefore, Kd will become negative. Eventually the transport
equation becom es
A d c  _  D d 2C V0 d c
d a  *  “  n .2  ~ n Z vd t  n d x 2 n d x
(4.19)
where
A j = 1 -  j j K d (4.20)
Therefore, from the aforementioned discussion the transport model for EK 
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where Ad may become less than one.
4.4.3 Desorption Model 2
In this model, the change in storage, w, is written as
In this equation, s d is the concentration of contaminant desorbed from the soil 
(mol/L). Therefore, the rate of m ass change becomes
In order to represent the model into a  solvable problem equation (4.23) may 
be written as
d c  _ p  d s d _  D d 2c  _ vq d c  
d t  n d t  n d x 2 " n d x
(4.23)
JL (n _ P_c)  = D d 2C _ Vo_dc 
d t  ’ n dj n d x 2 ~ n d x (4.24)
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Redefining the terms,
C1 =  C -  — S d , C =  C' +  — S d (4.25)n d n d
Equation (4.24) becom es
d c '  _  D* d 2 
d t  n dx2
c . +  P s \ - ^ 3
n d n dx c ' + £ s *
(4.26)
and
d c '  D* d 2c' V0 d c '
d t n dx2 n dx
+ • P__di
n dx2 n d] n dx
(4.27)
The term in parentheses of equation (4.27) can be regarded a s  a  source term, 
G, since it is a  function independent of time and has measurable parameters. 
Therefore
| f  =  D l | V  .  Z L | £ !  +  Q  (4.28)
d t  n dx2 n dx
The advection-dispersion equation in the case  of desorption can now 
be solved provided that the  proper initial and boundary conditions are 
introduced.
Therefore, it can be  shown that transport of contam inant in 
decontamination p rocesses under the influence of electric fields can be 
expressed as
dt i  _ D '  d 2d  d_
d t  n d x 2 n
, • d 2E  * d 2h
(u  +  K )  +  h




( u ' +  k J  H + ^
d x 2 
- Ac’
D* d i
n d x 2 . 
. 1 d
1L s  
n d
, d 2E . d 2h (u + k J  — J + kh-
n d x n s d
d x 2 
d h
d x 2
( u + u  I f  + -A n\ §§ /
(4.29)
4.5 Modeling the Transport of TNT in Soils Incorporating 
Surfactant Desorption Effects
The proposed desorption models have actually incorporated the effects 
of desorption by surfactants. In the first model, Kd is replaced by Kdsuf, i.e., the
surfactant enhanced Kd ). Since the application of surfactant will reduce the
amount of contaminant species sorbed onto the soil surface, the magnitude of 
Kdsuf is expected to be reduced.
Many researchers have investigated the sorption behavior of organics 
when a surfactant is introduced into the system (for example, Kan and Tomson 
1986, Jafvert 1991; Edwards et al. 1994a; Edwards et al. 1994b). The 
surfactant enhanced Kd ,now defined as Kdsuf, was found to be related to Km
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(the micellar-aqueous phase partition constant), Koc (organic carbon partition
coefficient), foc (weight fraction of natural organic carbon in the soil),
solubilities of organics in water and in surfactant solutions, concentration of 
surfactant in the micelles, amount of surfactant adsorbed by the soil, etc. 
These attempts usually lead to an analytically derived Kdsuf. However, these
formulas do not seem  to have any advantage over obtaining Kdsuf by making
simple batch desorption measurements. All the param eters that affect Kdsuf,
as  mentioned above will still have to be measured in the laboratory. Therefore, 
in using desorption model 1, it will be appropriate to replace Kd in equation
4.24 with Kd sur
In the case  of desorption model 2, the concentration of contaminant 
desorbed from the soil, s d can be obtained in the laboratory by shaking
contam inated soil sam ples with the  surfactant solution in use. The 
concentration of contam inant in the aqueous phase, after a  specified 
equilibration period, represents s rf It can be observed that this procedure is
more direct than the procedure for establishing the desorption isotherm. The 
application of surfactants will desorb more contaminants from the soil, 
decreasing the concentration of contaminants sorbed onto the soil surfaces 
and increasing the concentration of contaminants in the pore fluid (equation 
4.24).
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4.6 Effects of Charged Micelles
The motion of species in a  micelle can be represented by the effective 
ionic mobility term, u , in right hand side of equations (4.21) and (4.29). The 
movement of particles under the application of electrical fields is named 
'e lec tropho resis’ and the  asso c ia ted  m igrational velocity is called 
'electrophoretic mobility’. In the literature, the terms ionic and electrophoretic 
mobility are interchangeably used.
In the transport equation for TNT, theoretically, the application of 
anionic, nonionic and cationic surfactants will result in the formation of 
negatively charged, uncharged and positively charged micelles, respectively. 
As a  result, the term u in the equations will have a  sign depending on the type 
of surfactants used. When nonionic surfactants are used, u is zero and the 
electrophoretic mobility term disappears. Electrophoretic mobility can be 
m easured by a  number of techniques such a s  the microelectrophoretic 
procedure (Hunter 1981) and the Capillary Zone Electrophoresis (CZE) 
techniques (Foret and Karget 1993).
The magnitude of the electrophoretic mobility, u* depends upon ionic 
strength, size of ion, pH, the kind and type of surfactant, etc. The dependence 
of mobility on ionic strength of dilute solutions is expressed by the Debye- 
Huckel-Onsager’s  equation, which basically shows that the higher the ionic 
strength, the greater the electrostatic drag and deviation from its value in 
infinitely dilute solution. From electrostatic considerations, the larger the ion,
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the slower the migration. If spherical ions are assum ed, the mobility will scale 
to molecular weight (MW) by MW*273 (Karger and Foret 1993).
Karger and Foret (1993) also mention that the electrophoretic mobility 
of an acid (positively charged ions) has significant dependence on pH of the 
solution. At low pH (pH < pK - 2) at which the acid is nonionized, the mobility of 
the acid is zero (pK is the acidity constant). At pH = pK, half of the molecules 
will be ionized, and the corresponding effective electrophoretic mobility will be 
half the actual mobility of the anion (effective electrophoretic mobility n* = Zf i .
x.  where p. and x. are the corresponding ionic mobilities and mole fractions of
ions formed in solution). At pH > (pK + 2), all molecules will be ionized, and 
the effective electrophoretic mobility will be equal to the actual ionic mobility. 
The discussion above and the theoretical postulates indicate the significance 
of pH control in the attempt to transport TNT under electrical fields. It is 
necessary to condition the electrolytes and maintain the pH at a  level where 
the micellar formation is optimized and micellar transport is enhanced. 
Therefore, pH control may represent one of the most effective enhancem ent 




This chapter presents the experimental design and procedures used 
this study. One of the main objectives of this research is to evaluate a  few 
candidate surfactants that will efficiently desorb TNT from 'real world’ soil 
sam ples. The goal is to achieve removal of TNT in EK tests. To reach this 
goal, it w as necessary to perform batch desorption tests on a few selected 
surfactants. Another objective is to perform EK tests to evaluate the removal 
of TNT from soils with and without surfactants. Unenhanced and enhanced 
bench scale EK tests were conducted to investigate the efficiency of removal.
5.2 Soil Characterization
Soil sam ples were obtained from a  former military site in Nebraska 
w here TNT contamination is w idespread (Zappi et al. 1993). The soil 
sam ples were received in 4 L plastic buckets and were immediately stored in 
a  refrigerator at 6°C. The soil was taken out of the bucket, poured into a  large 
aluminum pan, mixed thoroughly and homogenized. Plant roots and wood 
pieces were removed from the soil during this operation. The soil was mixed 
thoroughly and placed back into the bucket and stored in the refrigerator until
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testing. The basic laboratory tests conducted are soil pH (ASTM D 4972-89 
[1993]), cation exchange capacity (EPA Method 9081 [Chapman 1965]), 
specific gravity (ASTM D 854-92 [1993]), Atterberg’s limits (ASTM D 4318-84 
[1993]) and grain size analysis (ASTM D 422-63 [1993]).
5.3 Analysis of TNT in Soil
A High Performance Liquid Chromatography (HPLC) was used for 
TNT analysis. The HPLC system consisted of a  Waters brand 600E System 
Controller (Boston, MA), W aters 486 Turnable Absorbance Detector, Waters 
717 Autosampler and HP 3396 Series II Integrator. The general procedure 
follows that of EPA Method 8330 (1990) for analysis of explosives by HPLC. 
Two grams (in triplicates) of ground, air dry soil were shaken with 10 mL of 
acetonitrile, ACN (EM Science, Gibbstown, NJ) for 18 hours at room 
tem perature (23°C) using a  wrist action shaker (Burrel, Pittsburgh, PA). The 
solution is then centrifuged for 30 minutes at 15,000 rpm, upon which 2 mL of 
the  supernatan t is diluted with 2 mL 0.5% calcium chloride, CaCI2
(Mallinckrodt, Paris, KY) solution in order to balance ACN/0.5%CaCI2 ratio
b ecau se  further dilutions must be m ade using ACN/0.5% C aC k (1:1 
solution). Sufficient dilutions were made depending on the concentrations of 
TNT in the soil. Since TNT concentrations in soil sam ples were high and 
there were limitations on the HPLC settings, dilution factors a s  high a s
26,000 were required to lower the concentration to a level that the peaks can 
be fully and clearly delineated in the output chromatograms. Another reason
for analyzing low concentration specim ens w as to preserve the life of the 
HPLC column. All sam ples were shaken, centrifuged and diluted in 20 mL 
Qorpak (Pittsburgh, PA) amber bottles. Amber bottles were used in order to 
minimize photolytic effects because a  transformation process can be initiated 
if TNT is exposed to light. The final diluted solution is then filtered through a 
0.5 pm pore size 25 mm diameter Teflon filter (Cole Palmer, Niles, IL) into a  1 
mL auto sam pler Kimax glass vial (Kimble, Toledo, OH). The injection 
volume for HPLC analysis w as set at 25 pL, the mobile phase being HPLC 
grade m ethanol (EM Science, Gibbstown, NJ ) and filtered, deaired, 
deionized water (1:1 solution). A flowrate of 1 mL/min w as used in the 
column. T hese settings were established after long and extensive calibration 
trials. The detection wavelength used was 254 nm. TNT standards for 
establishing the calibration curve were purchased from Crescent Chemical 
Co., New York, NY.
5.4 Desorption Tests
Six commercial surfactants were used in this study to evaluate their 
potential to  desorb TNT from the soil. Two candidate surfactants were 
selected from each of the anionic, nonionic and cationic types depending 
upon their 1) charge; 2) e a se  in handling (pippetting or weighing and 
mixing), and 3) common use in the literature. Sodium dodecyl sulfate (SDS), 
for exam ple, is the  m ost commonly used  anionic surfactant. The 
performances of all other surfactants are often evaluated and compared to 
SDS. Furthermore, SDS is easily available and its powdered form minimizes
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handling problems. The trade name of the surfactants and their suppliers are 
listed in Table 5.1. Some selected properties are tabulated in Table 5.2 and 
Table 5.3. All surfactant solutions were prepared using deionized, deaired 
water with pH ranging between 6.5-7.5. In desorption experiments, 3 g of dry 
soil was first shaken with 10 mL of various concentrations (ranging up to 
10%) of surfactants solutions for 18 hours. The soil-surfactant mixtures were 
then centrifuged for 1 hour at 15,000 rpm. The solutions were diluted 
subsequent to centrifuging. However, the m easured TNT concentrations 
w ere quite erratic and the  results were seldom  repeatable. It was 
hypothesized that colloid particles in the soil-surfactant mixtures interfered 
with the dilution and analysis, even after extensive centrifuging and filtration 
using a 0.5 |im pore size filter. Reliable results were obtained only after 
filtering the solution twice before dilution. First, the solution was passed  
through a  25 mm diameter 2.7 pm pore size and then through a  1.0 pm pore 
size glass fiber filter (Whatman, England). The trends in TNT concentrations 
becam e more consistent and repeatable, showing that the procedure was 
reliable and that accurate TNT analyses could be carried out.
5.5 Unenhanced and Surfactant Enhanced EK Test
The electrokinetic experimental apparatus used in these  tes ts  is 
shown in Figure 5.1. The soil specimens were air dried and compacted in a 
polyacrylite sleeve, and top and base steel arrangement (Figure 5.2). The 
glass cell had dimensions of 11.43 cm (4.5 in.) outside diameter, 10.16 cm (4 
in.) inside diameter and 5.08 cm (2 in.) in height. The soil sample compacted
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Table 5.1 Surfactants used in the desorption tests
T ypes of 
S u r fa c ta n ts
T rade  Name S u p p lie r
Anionic SD S
(sodium dodecyl sulphate)
Life Technologies, Inc., 
Gaithersburgh, MD





Sigma Chemical Co., 
St. Louis, MO












Table 5.2 Selected properties of surfactants used in this study
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N a m e C h e m ic a l
F o rm u la /S tru c tu re




SD S C 12̂ 25̂  (S 0 3)-Na+ 288 2100 
[Kile and Chiou, 1989]
DOWFAX
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C64Hi 24^26 1310 13
[Pennel etal., 1991]
Brij 35 C58H118°24 1200 74
[Kile and Chiou, 1989]
CTAB CH3(CH2)15N(CH3)+B r 364 361
[Kile and Chiou, 1989]
CTAC CH3(CH2)15N(CH3)+CI" 320 416 
[Rosen, 1978]
‘CMC is the critical micelle concentration. At the CMC, agglomerations ol
surfactant molecules known as micelles are formed. The changes in many 
physico-chemical characteristics of a  surfactant solution, such as solubility of 
organic nonpolar molecules, conductivity, etc., changes abruptly at the CMC.
Table 5.3 Toxicity of the surfactants
S u rfa c ta n t Nam e T oxicity  
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Bubble tube (Marriote bottle)-constant head supply reservoir
Gas vent-anode; 2c. Gas vent-cathode
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11.43 cm (4.5 in) OD
16 cm (4 .0 in) ID
steel base
Figure 5.2 Collar, sleeve, and cell arrangement for the compaction 
of soil specimens
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in the glass cell was placed between two Teflon end caps. Glass cells and 
Teflon end caps (also Teflon tubings) were used to ensure minimum TNT 
losses due to sorption onto equipment materials.
The end caps and the glass cell were then connected with threaded 
rods and tightened with nuts. A horizontal configuration was chosen so that 
the external hydraulic potential at the inflow can be made equal to that at the 
outflow. As a  result, any transport (species or fluid) will be only due to the 
difference in electrical potentials across the cell. Electrolyte was supplied at 
the anode through a  Teflon tube (Cole Palmer, Niles, IL) using a  bubble tube 
(Marriotte bottle). The Marriotte bottle arrangement is used to supply the 
electrolyte from a  constant head at all times. The end caps had holes to vent 
the gasses that are produced as a result of the electrode reactions. A pot with 
a septum (Supelco, Bellefonte, PA) was also provided on the end caps to 
sam ple the electrolytes by a  syringe and to m easure pH values. The 
electrolyte retrieved was injected back into the electrode compartment in 
order to preserve the system. A valve was placed at both the inflow and the 
outflow tube to terminate flow into and out of the sample during sampling and 
to reinject the electrolytes. Inert graphite electrodes were selected to prevent 
introduction of corrosion products that might introduce new species and 
complicate the electrochemistry due to electrode-electrolysis products. The 
electrodes were 0.31 cm (0.125 in.) in thickness and 10 cm (3.94 in.) in 
diameter with fifty 0.3 cm (0.12 in.) diameter holes drilled into it to permit free 
flow of liquids. Another important feature is the filter paper at the interface
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between the liquid and the soil. In tests previously conducted with kaolinite 
(Hamed 1990, and Puppala 1994), caving in of soil from the cell into the end 
caps did not occur. However, in this study the compacted soil caves in when 
the electrolyte touches the soil. This occurs even with the placement of a  filter 
paper similarly used in previous studies. Whatman 541 (England) filter paper 
was found to provide a good solution to this problem.
Eight hundred grams of soil was initially mixed with 100 mL of deaired 
deionized water (pH between 6.5-7.5). The mixture was then poured into a 
polyacrylite sleeve arrangement and the soil was compacted with a  standard 
Proctor hammer (weight is 2.49 kg [5.5 lb], drop height is 304.8 mm [12 in.]) at 
12 hammer blows. The soil was compacted all in one lift in order to obtain a 
hom ogeneous sample (without layerings) and to avoid over compaction of 
the soil specimen.
The test setup was housed in a  hood for protection against any risk of 
sparks and detonation and also for containment of any spills. A constant 
current of 10 mA was applied (current density is 123.3 pA/cm2) across the 
specim ens with a  HP 6212C power supply (Hewlett Packard, Co., Kenner, 
LA). All pH m easurem ents were m ade using Beckman’s  0 3 2  pH m eter
(Beckman Scientific Instrument Division, Fullerton, CA). Most tests ran over a 
period of 7 days (1 week) and the pH of liquid sam ples were taken daily. 
However, for the first 24 hours pH values were taken more frequently, i.e. at 
0 ,1 , 4 ,1 0  and 22 hours in order to closely monitor the pH changes since the
largest pH variations took place within the first 24 hours of the test. At the end 
of each test, the anode and cathode liquids were collected from the excess 
pot. The electrodes and filter papers were taken out and w ashed with 
methanol (EM Science, Gihbstown, NJ) to leach out any adsorbed TNT and 
the washing liquids were collected. All liquids were then analyzed for TNT 
concentrations for m ass balance. The soil sample was extruded and cut into 
5 sections. TNT concentrations were determined after air drying the soil. The 
soil pH values before and after tests were also taken.
5.6 Flow Enhanced EK Tests
In trial experiments, it was observed that at the anode compartment, 
the pH drops to around 2, and the electroosmotic flow diminishes with time. It 
is possible to enhance the electroosmotic flow from the anode to cathode by 
increasing the  pH at the anode. At high pH, the magnitude of the 
electrokinetic surface potential, £ .will be higher and this will result in a higher 
system kg (equation 4.7), and eventually a  corresponding increase in the flow
volume. An increase in electroosmotic flow w as also hypothesized to 
increase the efficiency of TNT removal due to increasing solubilization upon 
exposure of the TNT contaminated soil to a  greater volume of the solution. At 
the cathode the pH went up to twelve. It was found that TNT transformed into 
TNT anions due to reduction reactions. TNT could not be analyzed in the 
anionic form and therefore it was not possible to account for all of the TNT in 
m ass balance calculations. In order to prevent TNT from transforming into the
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TNT anionic form, an acid (a proton donor) must be applied at the cathode to 
neutralize the base and/or to depolarized the electrode.
The main feature of the enhanced experiments consisted of a  mixing 
cylinder, a  pH controlled pump (Cole Palmer, Niles IL), a  mixer and an 
additional suction pump at both the anode and the cathode (Figure 5.3). In 
addition, a  basic solution of 0.4M NH4OH (EM Science, Gibbstown, NJ) and
an acidic solution of 0.4M CH3COOH.(EM Science, Gibbstown, NJ) are also
provided at the anode and the cathode, respectively, in this setup, the 
anolyte and the catholyte are continuously recycled through the mixing 
cylinders to the compartm ents at the end caps. A pH controlled pump 
monitors the pH of the liquids in both cylinders. When the pH drops below 
and rises above seven at the anode and the cathode compartments, 
respectively, the pumps automatically inject the neutralizing agents until pH 
seven is maintained in both compartments. The neutralized solution then 
flows back to the compartments by gravity. Therefore, the pH’s  in the 
compartments are maintained close to neutral at all times.
5.7 Quality Assurance/Quality Control (QA/QC)
The QA/QC analysis for TNT was provided by the US Army Waterways 
Experiment Station (WES) Environmental Chemistry Laboratory, Vicksburg, 
Mississippi. The two different se ts of TNT concentrations (LSU vs WES) 
obtained in soil sam ples after electrokinetic treatm ent are  compared in 
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Figure 5.4 LSU vs WES analysis along soil specimen after EK
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Figure 5.5 LSU vs WES analysis along soil specimen after EK
processing for Cell 2
anode and cathode liquids. In Cell 2, 0.5% SDS solution w as placed at the 
anode and water at the cathode. Further details of the experiments are 
d iscussed  in C hapter 6. The results show ed slightly higher TNT 
concentrations in analyses by WES specifically, at sections closer to the 
anode than the analyses by LSU. However, the differences were not unusual 
for HPLC analysis of organics, especially TNT, and they may be attributed to 
differences in equipment, operator, temperature, tests details and procedure. 
According to the procedures set for TNT analysis using the sam e equipment, 
the calibration curve needs to be reevaluated only when the calibration 
standards do not agree within 20% (EPA 1990). The 20% difference is the 
maximum by which the results can differ. The difference between the WES 
and LSU results a re  less than 20% and indicate that a  reasonable 




Results from various laboratory tests conducted in this research are 
presented and discussed in this chapter. The main purpose of the laboratory 
experimental program was to investigate the efficiency of removing TNT from 
soils by EK soil processing. EK tes ts  were conducted with and without 
surfactant solutions and also conditioning the electrolytes by neutralizing the 
anolyte and the catholyte. Due to limited knowledge and previous data on 
EK testing of soils with organic chemicals, improvements and changes made 
in each testing parameter depend on the results of previous tests. Hypothesis 
were m ade and tested  by experiments. In addition to the EK tests, batch 
desorption tests using six different surfactants were also conducted.
The presentations of the test results and discussion are divided into 
four main sections. Characterization of the tested soil and batch desorption 
tests are  presented in the first two sections (6.2 and 6.3). In section 6.4, the 
results of the first series of EK tests are presented in detail. Included in this 
section are  the analyses of transformation products by the U.S. Army 
Waterways Experiment Station (WES) and issues regarding formation of TNT
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anions. The enhanced EK tests results a re  then addressed in sections 6.5 
and 6.6.
6.2 Soli Characterization
The basic properties and grain size distribution of the soil used in this 
study are given in Table 6.1 and Figure 6.1, respectively. More than 85 % of
the soil particles were retained on the ASTM No. 200 (74 pm size opening)
standard sieve. Attempts to evaluate clay size particles by hydrometer 
analysis were unsuccessful with conventional schem es due to em ergence of 
bubbles which m ade hydrometer readings impossible. The soil is classified 
in the CL or OL region (inorganic clay, or organic silts of low plasticity) in the 
Unified Soil Classification System (USCS). Soil pH m easurem ents indicated 
a  neutral condition. Brady (1974) reports the range of cation exchange 
capacity (CEC) to be between 20-26 mmol charge per 100 g of dry soil in 
neutral conditions. The value of 24.6 obtained in this study matched this 
range. Resuits of chemical analysis of the soil samples are tabulated in Table 
6.2.
6.3 Desorption Tests Results
In the first series of tests, dilute surfactant concentrations were used. 
The concentration of surfactants tested  ranged from 0.1 to 1% (w:v). This 
range of concentration selected is at least at or above the CMC for all the 
surfactants used. The CMC is the concentration at which micelles begin to 
form and it is dependent on the surfactant structure, composition,
Table 6.1 Basic soil properties
Property Values/Observation
Water content (%) 16.8
Specific gravity, Gs 2.53
Liquid limit, LL (%) 43.9
Plastic Limit, PL (%) 21.1
pH 7.2
Cation Exchange Capacity, CEC 












Figure 6.1 Particle size distribution of soil
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Table 6.2 Chemical contents of the soil sample
S p e c ie s C o n c e n tra tio n
(ng/g)
S p e c ie s C o n c e n tra tio n
(ng/g)
Al 10,432 Mg 3,708
As 8 Mn 297
Ca 7,821 Na 609
Cd 15 Ni 5
Cr 27 P 608
Cu 46 Pb 37
Fe 12,355 Zn 161
K 1,387
temperature, ionic strength, and the presence of type of organic additives in 
the solution (Rosen 1978). The micellar pseudophases are agglomerations 
of hydrophobic species, in this case  TNT, in a phase surrounded by 
surfactant molecules (Edwards et al. 1994a; and Taha et al. 1994). The 
aqueous pseudophase, external to the micellar pseudophase, consists of 
water and nonaggregated surfactant monomers (molecules) at the CMC 
(Edwards et al. 1994a). There are studies that have shown significant 
solubilization even at concentrations below the CMC for som e surfactants 
and organics (for example, Kile and Chiou 1989). This is only true for 
organics which have a very low solubility in water such a s  DDT. However, 
Zappi et al. (1994) demonstrated that surfactant concentrations much higher
than the  CMC were required to significantly desorb  TNT from the 
contaminated soil. Edwards et al. (1994a) reported that surface tension 
reduction levels off at surfactant doses greater than that needed to attain 
aqueous CMC for nonionic surfactants. This m eans that in order to promote 
enhanced desorption, the concentration of surfactant required should at least 
be equal to the sum of the CMC and the amount of surfactant expected to be 
sorbed on the soil surface. Therefore, for surfactant molecules that have high 
affinity to the soil surfaces (for example, cationic and nonionic surfactants) 
the concentration required for enhanced desorption is possibly higher than 
their CMC. The fact that the soil used in this study contained a  relatively high 
amount of TNT (between 15,000 to 17,000 mg/kg) also warranted a  higher 
concentration of surfactants in desorbing and solubilizing TNT from the soil.
The effects of surfactant concentrations (up to 1% solution) on the 
amount of TNT desorbed from the contaminated soil a re  shown in Figures
6.2 (a), (b) and (c) for anionic, nonionic and cationic surfactants, respectively. 
A combined plot showing all test results is shown in Figure 6.2(d). All 
surfactants were first tested up to 1% concentration, except for CTAB (up to 
0.5%) because this surfactant reaches its aqueous solubility limit below 1%. 
Results for the desorption of TNT by water are also shown and the value (135 
mg/L) matches the reported solubility of TNT in water, which ranges from 120 
mg/L to 150 mg/L depending on the temperature of the solution (Freeman 
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Both anionic surfactants showed better desorption of TNT than the 
aqueous control, i.e. water. SDS, however gave a higher TNT equilibrium 
concentration than DOWFAX 8390. These cationic and nonionic surfactants 
did not provide good desorption at concentrations of 1% and below. Indeed, 
the solubilities of TNT at these concentrations are below that obtained in 
water, indicating that water is a  better solubilizing agent than these solutions. 
The inefficiency to extract TNT with the cationic and nonionic surfactants at 
these  concentrations is possibly due to competition by the negatively 
charged soil surfaces for the positive and nonionic surfactant molecules. 
Theoretically, cationic surfactants can mostly suffer losses by adsorption from 
coulombic attraction (ion pairing mechanism) in which com pounds of 
opposite (positive) charge are taken up by the negatively charged soil 
particles. In addition to coulombic and hydrophobic interactions (section 3.3), 
adsorption also takes place due to ion exchange mechanism which involves 
replacem ent of counterions adsorbed onto the soil surface by similarly 
charged surfactant ions (Rosen 1978). This may be the fundamental reason 
why cationic surfactants are not commonly used when soils are involved. In 
som e cases, a  substantial fraction of nonionic surfactant in a soil-aqueous 
phase system can sorb onto soil (Liu et al., 1992). This is possible through 
hydrophobic interaction in which nonpolar organic compounds are attracted 
onto the soil surface possibly by hydrogen bonding between the soil and the 
surfactant (Edwards et al., 1994b). Sorbed surfactant can enhance the 
capacity of the soil to act a s  a  sorbent for organics. The negatively charged
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anionic surfactant molecules would suffer less sorption problems and their 
micelles could desorb the TNT molecules from the soil surfaces unimpeded. 
Therefore a  relatively high desorption (compared to that of water) was 
achieved with SDS and DOWFAX 8390. Although soil minerals are usually 
electronegative and thus repel anions, it has been reported that soils high in 
am orphous iron oxide-hydroxide coatings can have a  high attraction for 
anions (Fink et al. 1970).
The results provide a  preliminary assessm ent of the best candidates of 
surfactants which will enhance the desorption of TNT from the soil. However, 
it must be realized that the amount of TNT in the soil used is relatively high. 
O ne percen t SDS solution desorbed  only around 3.2 mg of the 
approximately 49.5 mg TNT available in the batch soil sample that weighs 2 
g. This is about 6.5% removal of TNT from the soil. Although the percentage 
of TNT removed from the soil surface is small, it was hypothesized that 
continuous supply of the surfactant over extended periods of time would 
result in higher removal efficiencies as shown by Zappi et al. (1995) for 
Tween 80.
Although the concentrations of all surfactants were above their CMCs, 
there was not an improvement in TNT desorption and/or solubility using the 
cationic and nonionic surfactants at doses exceeding 1%. It w as expected 
that enhanced desorption (and solubilization) would occur above the CMCs. 
However, the CMC concept was developed for the case of a  solute-surfactant 
phase system and a soil-solute-surfactant phase mixture is a  more complex
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one. It w as hypothesized that if enough surfactant molecules were m ade 
available to achieve equilibrium with the soil surfaces, the excess molecules 
will begin to form micelles and desorb TNT from the soil. A greater 
solubilization than that observed with low solution concentrations would then 
be possible. Surfactant concentrations of up to 10% were then evaluated. 
Concentrations beyond 10% were not tested because the solutions becam e 
very thick and viscous. Mixing and handling becom es very difficult and 
probably the cost factor will also hinder their use at these concentrations. No 
cationic surfactants were tested. These surfactants were quite difficult to mix 
at high concentrations due to their limited aqueous solubility.
The enhancem ent achieved in solubilization using the higher 
surfactant doses are illustrated in Figure 6.3. SDS gives the best results 
amongst the ones tested. Approximately 1360 mg/L of TNT was desorbed by 
the 10% SDS solution, which represents about 27 % of TNT in the soil. TNT 
desorption from the soil surface with 10% Tween 80 is enhanced significantly 
above that achieved at 1% for Tween 80. The improvement in extraction with 
Tween 80 is from about 3% to 23% removal of TNT at 1% and 10% 
surfactant solutions, respectively. There does not seem  to be an optimum 
surfactant concentration in the range tested. The extents of extraction 
increase with increases in surfactant concentrations.
It is important to know, or to estimate Kdsuf (surfactant enhanced Kd),
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micellar (surfactant) enhanced transport, Jafvert (1991) proposed that Kd suf
is related to Km (usually reported In logarithmic form), Koc (also reported in
logarithmic form), fQC (weight fraction of natural organic carbon in the soil)
and the concentration of surfactant in the micelles. Edwards et al. (1994a) 
extended the concept to include effects of sorption of surfactants. In addition 
to the factors proposed by Jafvert (1991), they postulated that Kdsuf is also a
function of the solubility of organics in water, solubility of organics at 
surfactant CMC, the amount of surfactant sorbed to the soil surface and the 
molecular weight of the surfactant.
It is possible to estimate Km using the results of this study. Km is the
single most important parameter and also the most difficult and challenging 
to formulate. Figure 6.3 is plotted in terms of molar values and the molar 
solubilization ratio (MSR) is obtained as the slope of the linear portion of the 
curve. Figure 6.4(a) shows the molar solubilization ratio plot for the case  of 
SDS. Edwards et al. (1992) relates Km to MSR by
K„ =
1 MSR
1 + MSR  (6,1)
in which S cmc is the  solubility of TNT at the aqueous phase  CMC 
concentration, and Vw is the molar volume of water (taken as 0.0185 L/mole 

















j  5.0 




0,00 50 100 150 200 250 300 350 400
Surfactant Concentration (jamol/L)
slope=M
























0 20 40 60 80 100 120 140 160
Surfactant Concentration (iimol/L)
























0 10 20 30 40 50 60 70 80
Surfactant Concentration (jimol/L)
(c) Molar solubilization ratio of TNT in Tween 80
104
be estimated from Figure 6.2(a) by reading off the TNT concentration in the 
aqueous phase at CMC (which is about 0.21%). Expressing S cmc in molar
form and taking MSR as 0.0159, log Km for SDS will be about 3.09.
Valsaraj and Thibodeaux (1989) developed the following relationship
for K„ for SDS micelles m
log Km = 0.858 log KQW - 0.017  (6.2)
In this equation, K  is the octanol-water partition coefficient. Experimental
da ta  for 11 organic com pounds, such a s  toluene and benzene were 
observed to correlate well with this equation. Therefore, equation (6.2) can 
be used to estimate Km provided that Kow is known. In this study, since the
solubility of TNT in water is known, then Kow for TNT can be calculated from
another empirical relationship (Lyman et al., 1981), i.e.
log (1 /S J  = 0.996 log KQW - 0.339 (6.3)
in which Sw is the molar solubility of TNT in water. From equations (6.2) and
(6.3) log Km is about 3.05. The value obtained using the MSR  value
(Equation 6.1) is almost identical to this value indicating the complementary 
nature of the two methods of estimation.
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The MSR values and therefore Km can also be approximated for TNT
in DOWFAX 8390 and Tween 80 surfactant system s using the results from 
the tests conducted in this study, as shown in Figures 6.4(b), and (c). Due to 
sorption problems, it is difficult to estimate exactly the Scmc for the case  of
Tween 80. However, the CMC is obtained at very low concentration, i.e. at 
approximately 0.0013%. Furthermore, it can be observed in Figure 6.2(b) that 
desorption remains relatively constant within the range 0 to 1%. Therefore, 
S cmccan be estim ated in this range of surfactant concentration. This
approximation will lead to the value of around Sw, i.e. the solubility of TNT in
water. This approach w as used by W est (1992), without any specific 
justification. The MSR and log Km values for DOWFAX 8390 and Tween 80
(and also for SDS) based on the formalism just described are tabulated in 
Table 6.3.
Table 6.3 The MSR and log Km values for selected surfactants used in 
this study
S urfac tan t M SR lo9 Km
SD S 0.0159 3.09
DOWFAX 8390 0.0169 3.13
Tween 80 0.0425 3.34
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It is not possible to calculate the value of Kd at this time because it is
also necessary to know the concentrations of surfactants in the micelles. This
concentration is a  function of the concentration of surfactant in the aqueous
phase and the concentration of surfactant sorbed onto the soil surfaces
which were not determined in this study. Based on the M SR  values, it is
interesting to note that Tween 80 yields the highest value, indicating the best
solubility enhancem ent per mole of surfactant. However, actual solubility
enhancem ent should not be based  on M SR  because the values were
“normalized” with the molecular weights of the surfactants. It must be noted
that the molecular weight of Tween 80 is the highest (1310 g) followed by
DOWFAX 8390 (642 g) and SDS (288 g). Furthermore, cost of surfactants is
m easured by weight not moles. Therefore, MSR is recommended only to be
used to calculate K .m
6.4 Results of Unenhanced and Surfactant Enhanced EK 
Tests
The first test (Cell 1) was performed with deionized, deaired water at 
both the anode and the cathode compartments. This is the control test by 
which the performances of all other tests were evaluated. The second test 
(Cell 2) w as processed  with a  0.5% solution of SDS at the  anode 
compartment and water a s  the catholyte. It was hypothesized that SDS will 
be able to desorb TNT from the soil surface and the TNT could be 
transported in the aqueous solution to the cathode by electroosmosis. These
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two tes ts  are discussed first because they yield new information that needs 
specific discussion.
The initial and final characteristics of the specimen in Cell 1 and 2 are 
shown in Table 6.4. Both sam ples have almost the sam e characteristics. A 
final m ass balance of over 80% was achieved in both tests.
6.4.1 Electric Potential
Electrical potential m easurem ents (Figure 6.5) show ed that the 
voltage reduced to a  constant value (4 to 5 volts) within the first 24 hours. In 
all previous work using a similar setup (Putnam 1988; and Hamed 1990) the 
voltage profile was observed to increase with time. The principal reason is 
possibly because the initial soil pH was around 4 in the previous studies. The 
high initial concentration of metallic species such a s  Pb2+ in the soil pore 
fluid rendered high ionic strength and therefore high initial electrical 
conductivity and low voltage. The increase in potential with time (decreasing 
electrical conductivity and increasing voltage) was related to precipitation of 
metallic species at its hydroxide solubility limit and/or due to the effect of the 
high pH environment developed near the cathode (Alshawabkeh 1994). In 
this study, the initial soil pH was around neutral. The high concentrations of 
TNT (a nonpolar species) in the soil and fluid renders low conductivity and 
high voltage. The development and transport of acid and base fronts into the 
soil increase conductivity thereby dropping the voltage. It is also possible that 
the high voltage initially observed in this study was due to unsaturated soil 
conditions. As the tests progresses, the soil becomes saturated both due to
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Table 6.4 Specimen properties for Cell 1 and Cell 2
Property Cell 1* Cell 2**
Initial
Dry density (kN/m3) 12.76 12.04
Moisture content (%) 15.77 14.56




Dry density (kN/m3) 12.40 11.98
Moisture Content Figure 6.10 Figure 6.10
Saturation (%) 94.37 100
Porosity 0.5 0.52
Applied current density (pA/cm2) 123.3 123.3
Test duration (hours) 167 167
Total Flow (mL)[pore volume] 279 [1.4] 211 [1.0]
Mass balance
% TNT recovered after treatment 84.77 82.42
‘Control test-water at anode and cathode compartments
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Figure 6.5 Voltage measurement across the length of the 
specimen
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suction in the soil and due to electroosmotic flow, dropping the voltage, in all 
the other tests conducted in the previous studies mentioned above, the soils 
were initially placed at almost fully saturated conditions.
6.4 .2  Anolyte/Catholyte pH
The pHs developed at the anode and cathode are shown in Figure 
6.6. The decrease in the pH at the anode and the increase at the cathode as 
shown in this figure show that water electrolysis reactions were taking place 
a s  expected. The pH at the anode was almost a  “reflection" of the pH at the 
cathode and similarities of the results obtained in both cells display the 
repeatability of the results. It was estimated that the pH at the anode will drop 
to a  minimum of 2 and at the cathode it will increase to 12 (Hamed 1990). 
The observations recorded in this study confirm these estimates.
The electrolysis reactions taking place at the electrodes are
2 H p  - 4 e -------> Os (gas) + 4 h t (anode) (6.4)
4 H p  + 4e' -------> 2Hs (gas) + 40hT (cathode) (6.5)
From equations (6.4) and (6.5), one Faraday (96,500A-s) of charge will 
genera te  one mole of H+ and OH’, at the anode and the  cathode, 
respectively. A current of 10 mA across each cell will produce approximately 
3.73 x 1C4 moles of H+ and OH’ ions every hour. The volume of liquid is 1.3L 
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H+ and OH* ions will be approximately 1.87 x 10*4 mole/L hr and 1.33 x 10‘3 
mole/L hr, at the anode and the cathode, respectively. Thus, the pHs in each 
compartment can be calculated at any time during the tests and are also 
depicted in Figure 6.6. A good agreem ent is obtained betw een the 
theoretical and m easured values. The changes in the catholyte and the 
anolyte pHs were mostly realized within the first 50 hours of processing. 
Errors can be due to (1) assumption of 100% faradaic efficiency for water 
electrolysis, (2) prevailing secondary electrolysis, and (3) transport of H+ and 
OH* across the electrodes. The development of a  low pH front and its 
movement across the cell will affect the soil’s zeta potential (0 ,  fabric and
conductivity, which in many ways relate to the flow and movement of 
chemical species (Eykholt and Daniel 1994; and Acar and Alshawabkeh 
1996).
6.4 .3 Flow
The outflow volume profile (Figure 6.7) over the testing period showed 
a continuous but a  low rate of flow especially for the case  of the surfactant in 
the anode compartment (Cell 2). The flow totalled about 1.4 and 1.0 pore 
volumes in 168 hours for Cell 1 and 2, respectively. The rates of flow were 
observed to diminish with time. This is possibly a direct consequence of the 
decreases in the magnitudes of the zeta potential (0  of the soil due to drops 
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The coefficient of electroosmotic permeability, ke and electroosmotic
water transport efficiency, ^  can be calculated from the flowrate, electrical
potential (voltage) gradient, current and cross sectional a rea  of the soil 
specimen. Fundamentally, k0 is a  parameter that indicates the hydraulic flow
velocity under unit electrical gradient and kt is a  m easure of the efficiency
and economics of the electroosmotic dewatering. In figures 6.8 and 6.9 it is 
shown that kQ and kf first increase and then decrease to a relatively constant
value. Similar trends were also reported previously (Puppala 1994; and 
C asagrande 1983). The time dependent changes in ke and /f, demonstrate
that significant changes occur in the overall cell resistance and hence the 
chemistry across the cell during the process. Therefore, ke and are not
constants for a  specific soil but they are time dependent variables controlled 
by the chemistry generated (Hamed 1990). Modeling the time dependent 
behavior of kQ represents one of the most difficult tasks in evaluating
transport by electrokinetic processes. A formalism is not yet available.
6.4 .4  Final Soil Moisture Content
The final soil moisture contents (Figure 6.10) demonstrate that near to 
saturated conditions (Table 6.3) were obtained across the specim ens due to 
permeation of fluid from anode to the cathode by electroosmotic advection 
under the applied electrical gradient and also possibly due to the suction 
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of the cells, possibly a s  a  result of swelling due to direct contact with the 
liquid. Higher saturation w as observed for Cell 2 possibly due to the 
penetration of SDS solution which had a  higher wetting ability than water.
6.4 .5 Final Soil pH
The pH profiles in Figure 6.11 illustrate the advance of the acid front 
from the anode to the cathode. The drop in kg is also a  consequence of this
sweeping acid front which decreases the pH of the system. D ecrease in the 
soil pH and surface charge across the specimen will decrease the magnitude 
of £ eventually decreasing kQ since £ and k& are directly related (Casagrande
1949). Therefore, it is expected that electroosmotic flow will cease  at later 
s tages of the process. It is also possible that flow reversal may occur
because the magnitude of £ changes at pH values lower than the isoelectric
point, thus changing the direction of the flow from the cathode to the anode 
(Eykholt and Daniel 1994; and Hunter 1981). In order to sustain flow from the 
anode to the cathode direction, the acid generated at the anode must be 
continuously neutralized during the tests. This approach is discussed in the 
next section.
6.4 .6 Final TNT Concentration
TNT concentrations in the soil specim ens after 1 week of EK 
processing are shown in Figure 6.12. At sections closest to the anode there 
were no significant changes between TNT concentrations before and after 
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even after treatm ent with SDS solution. In batch desorption studies as 
discussed in section 6.3, TNT contaminated soil specimens were shaken for 
18 hours with the sam e SDS solution, it was found that SDS desorbed 
approximately 50% more TNT than water. In contrast there was no removal of 
TNT in the electrokinetic enhancem ent test. This is possibly because there 
were no dynamic mixing and extended contact periods betw een SDS 
solution and the soil, similar to that applied in the batch studies to desorb and 
leach the TNT. It may be possible to enhance removal of TNT in 
electrokinetic soil processing by increasing surfactant concentration and/or 
enhancing electroosmotic flow conditions.
At sections closest to the cathode, test results clearly demonstrated a  
significant reduction in TNT concentrations. TNT was neither detected in the 
catholyte nor in the effluent. TNT concentrations in the washing liquids of the
electrode and the filter were very low (less than 0.3 pg) and quite
insignificant in the m ass balance calculations. TNT was also observed at
very low concentrations (less than 1 pg) in the anolyte. This is merely
possible by virtue of having negatively charged soil particles which carry any 
sorbed TNT into the anode compartment.
Since TNT is easily biotransformed, it was first hypothesized that TNT 
could be converted into its transformation products such as TNB, 2A-DNT, 
4A-DNT, etc. If these transformations were prevailing, the peaks for these 
products should have been observed in the HPLC chromatographs because
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these products are also analyzed at wave length 254 nm. However, only one 
peak pertinent to that of TNT was observed in ail analyses. All other products 
were then below detection levels or they simply did not exist.
TNT concentration profiles when viewed together with the pH profiles 
indicate that the drop occurs when the pH of soil was close to seven and 
above. The base generated at the cathode during electrolysis might have 
reacted with TNT resulting in its transformation. A simple test was then 
conducted to investigate if the base could have transformed or degraded the 
TNT. A set of triplicate sam ples of 3 g of the contaminated soil were mixed 
with 5 mL of 0.01 M NH4OH (EM Science, Gibbstown, NJ) having pH of 10.18.
Another se t of soil sam ples were mixed with 5 mL of 0.1 M HCI (Baker, 
Phillipsburg, NJ) having a  pH of 1.16. The soil sam ples were kept in 
complete darkness (to prevent photolysis of TNT) in a  drawer at room 
tem perature until dry. In this case, the soil-solution mixture took over two 
weeks to dry naturally. The TNT concentration for base and acid reactions
were 15,292 mg/kg (a n = 441) and 16,245 mg/kg (a n1 = 567), respectively
compared to the original level of 16,371 (an = 776). These results did not
indicate significant variations in TNT concentrations upon exposure to base. 
It is also possible that the electron donor/acceptor type of system available in 
the experiments in the cell were not prevailing in the simple base  reaction 
tests with NH4OH. A better understanding of TNT transformation and/or
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decomposition products was found necessary to explain the disappearence 
of TNT close to the cathode compartment.
6.4 .7  Analysis of TNT Transformation Products
The results of TNT analysis conducted by WES and the authors at 
LSU consistently matched each other. One of the most striking aspect of the' 
plots in Figures 5.4 and 5.4 was the near similarities of TNT concentrations at 
sections closest to the cathode. Both figures showed a  significant drop in the 
TNT concentrations at this end of the cell.
The results of a  complete analysis of TNT transformation products 
conducted by WES are  tabulated in Table 6.5. The increase in TNB 
concentrations at sections closest to the cathode is noteworthy. At the sam e 
time, there  w as a  corresponding d ecrease  in concentration of other 
compounds such a s  2A-DNT, 4A-DNT, and 2,4-DNT at th ese  sections. 
However, even when all known TNT transformation products are accounted 
for, they do not make up for all the losses in TNT. These results showed that 
the concentrations of all the conventionally known transformation products 
w ere much less (less than 4%) than to the initial TNT concentration. 
Furthermore, it is also possible that these  compounds were already in 
existence before the test. Therefore, TNT must have transformed into forms 
not detected at the 254 nm wavelength used for the liquid chromatography 
detector.
Okamoto et al. (1977) describes a colored solution that forms when 
TNT reacted with a strong base. The reaction was interpreted to be as a
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Table 6.5 Concentration of TNT transformation products in 
Cell 1 and Cell 2 after EK processing
TNT
tra n s fo r ­
m a tio n
p ro d u c ts
Cell 1
C o n cen tra tio n s  (pg /g)
Cell 2
C o n c en tra tio n s  (pg /g )
N orm alized d is ta n c e  
from  a n o d e
N orm alized d is ta n c e  
from  a n o d e
0.1 0 .3 0 .5 0 .7 0 .9 0.1 0 .3 0 .5 0 .7 0 .9
TNB 51 77 108 176 229 49.5 94 189 258 260
4A-DNT 44.5 22.5 <25 <25 <25 90 10 <25 <25 <25
2A-DNT 56 20.5 9.5 75 15.5 154 15 10 11.5 14.5
2,6-DNT <26 <26 <26 <26 <26 <26 <26 <26 <26 <26
2,4-DNT 34 40 37.5 33.5 23.5 22 31.5 31 32.5 19.5
Azoxytol <100 <100 <100 <100 <100 <100 <100 <100 <100 <100
2,6-DANT <50 <50 <50 <50 <50 <50 <50 <50 <50 <50
2,4-DANT <100 <100 <100 <100 <100 <100 <100 <100 <100 <100
DNA <25 <25 <25 <25 <25 <25 <25 <25 <25 <25
It NTCxIO3) 19.5 19.4 18.7 16.9 9.1 18.4 19.2 16.4 14.4 6.7







result of the formation of an intermediate, 2,4,6-trinitrobenzyl anion (TNT) 
which absorbs light in the visible region (500-525 nm). This reaction was first 
described by Janovsky (1891). On further reaction, the anions initially 
produced reacted with unreacted TNT to yield a  complex, now known a s  the 
Janovsky's complex . Thus, according to Okamoto, et al. (1977)
TNT+ Amine (base) — -> TNT* + Amine AT (6.6)
TNT + TNT - -  -> (TNT-TNT)' (6.7)
in which (TNT-TNT)* is the Janovsky’s complex. Okamoto et al. (1977) 
cautioned that these  suggested hypotheses were based  on very limited 
experimental results.
Earlier, Meisenheimer (1902) and Jackson and Earle (1903) had 
independently arrived at similar structures to explain the phenomenon 
observed by Janovsky (1891). They proposed a  different structure for the 
highly colored species which are now known as Jackson-Meisenheimer’s  (J- 
M) anions. Jenkins (1990) used the J-M anions to develop a simplified 
m ethod for enhanced  insitu detection and determ ination of TNT 
concentration. TNT was converted into the J-M anions by addition of 
potassium hydroxide and sodium sulfite within a few minutes. Absorbance 
w as m easured at 540 nm using a  spectrophotometer. The J-M anions
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concentration were then correlated to TNT concentrations, rendering a 
simple and fast method to determine the TNT concentrations.
in order to show the existence of the J-M anions in aqueous solution,
2.1 mg/L of TNT (Chem Service, West Chester, PA) solution was prepared 
with 95% acetone (EM Science, Gibbstown, NJ) and 5% water (deionized 
deaired). A pellet of potassium  hydroxide, KOH (Curtin Matheson, Inc., 
Houston, Texas) and 0.2 g sodium sulfite, Na2S 0 3 (EM Science, Gibbstown,
NJ) were then added to 25 mL of the TNT solution and the solution was 
shaken for 3 minutes. A dark red solution appeared and upon addition of 
sulfuric acid, H2S 0 4 (EM Science, Gibbstown, NJ) drop by drop, the solution
d isappeared  slowly eventually becom ing a  colorless solution. The 
reversibility of the reaction, first by the addition of the base and then the acid, 
proves the formation of the J-M anions or the Janovsky's complex when 
bases are added to the TNT solution (Jenkins 1995).
It was then decided to check existence of the J-M anions in the soil 
close to the cathode in Cell 1 and 2. Two grams of soil from section 5 of Cell 
1 and Cell 2 were shaken for 3 minutes with 10 mL acetone (95%) and water 
(5%) solution. The solution was then centrifuged for 10 minutes and filtered
with 0.5 pm pore size filter (Cole Palmer, Niles, IL). A dark red solution was
obtained. Sulfuric acid w as then added drop by drop to the solution. The 
color of the solution turned to orange. This reinforced the hypothesis that the 
J-M anions, at least partly existed in the solution (Jenkins 1995). It proved
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that part of the TNT has been transformed into these anions at the section 
closest to the cathode during electrokinetic processing and was not detected 
by HPLC at 254 nm. It is not possible to evaluate the concentrations of the J- 
M anions using HPLC. An extraction procedure has not been fully developed 
and a  testing procedure also is not yet available. Estimations of the 
concentrations can be m ade using a  spectrophotometer, as  described by 
Jenkins (1990). However, this procedure has only been tested  at very low
concentrations (1.1 to 22.2 pg/g), and at the level of concentrations observed
in this study (in the order of a  few thousand pg/g) accuracy of this procedure
is questionable. Therefore, a  better analytical method needs to be developed 
for analysis of TNT anions.
6.4 .8  EK Extraction Tests with Cathode SDS and Extended Time
Two other EK soil processing tests were conducted in an attempt to 
evaluate the effect of the process parameters. In one test (Cell 3), the SDS 
solutions (0.5%) were placed at the cathode. It was hypothesized that the 
negatively charged SDS molecules will capture TNT and the micelles will 
migrate to the anode, improving removal efficiency. In the other (Cell 4), the 
time of processing was extended to two weeks to investigate if additional flow 
will transport the TNT towards the cathode. In cell 4, the system param eters 
are  similar to Cell 2, i.e. the SDS solution in the anode and water in the 
cathode compartments.
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The results for both tests are shown in Figure 6.13 and Figure 6.14 
depicting flow and final TNT concentrations, respectively. There w as no 
increase in the flow compared to that of the control test, i.e. Cell 1, and no 
significant migration of TNT either to the cathode or anode. As observed for 
Cell 1 and Cell 2, the TNT concentrations at the cathode were lower than the 
initial concentration. These results indicate that when TNT contaminated soil 
is processed in unenhanced or surfactant enhanced tests, there was not a 
significant transport of TNT across the soil.
6.5 Anode and Cathode Neutralization Tests
EK test results discussed so far has led to two important conclusions. 
First, at the cathode, part of the total TNT disappeared, possibly transformed 
into J-M anions during reduction reactions with hydrogen produced at the 
cathode. Second, micellar migration of TNT was not observed in all the tests 
which demonstrate that the process, a s  it is, is not capable of transporting 
TNT to the electrodes for removal. An increase in electroosmotic flow was 
hypothesized to increase the efficiency of TNT transport due to increasing 
solubilization upon exposure of the TNT contaminated soil to a  greater 
volume of the solubilizate.
It is possible to enhance the electroosmotic flow from the anode to
cathode by increasing the pH at the anode. At high pH, the magnitude of £ 
will be higher and this will result in higher system ke (equation 4.7) and 
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Figure 6.14 TNT concentrations along soil specimens 
for Cell 3 and Cell 4 after EK processing
(1975) dem onstrated the dependence of the zeta  potential, £ , on pH of 
colloidal TiO_ and KNO. a s  the solvent. At high pH, the £ is high (more£ O
negative) and the increase in the magnitude levels off at pH of around 8. At 
the isoelectric point, the zeta potential is zero. Concurrently, the isoelectric 
point is usually defined as the pH at zero mobility. At pH below the isoelectric 
point, the £ is positive and theoretically the flow reverses. Therefore, if the pH
is prevented from dropping by neutralizing the acid generated at the anode, it 
is possible to sustain the flow in the anode to the cathode direction. At the 
cathode end, injecting an acid (proton donor) will neutralize the base formed. 
This process will hinder the transformation of TNT to the J-M anions and the 
fate of all the TNT in the system can then be accounted for. An experimental 
setup was designed in order to achieve both goals and the system  was 
discussed in section 5.7. The schem atic diagram of the new setup was 
shown in Figure 5.3.
Figures 6.15-6.18 show the results of tests  in which the acid and 
b ases  generated at the electrode were neutralized. In Figure 6.15, it is 
demonstrated that for water in both the anode and cathode compartment, the 
final flow volume increases from 670 mL to 1107 mL using a  30 mA current 
(369.9 mA/cm2) in tes ts  where the acid generated at the anode was not 
neutralized and neutralized, respectively. This observation fits the theory that 
by increasing the pH (at the anode), electroosmotic flow is sustained. The 
flow volume in tests with a  nonionic surfactant (10% Tween 80 solution) in
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the anode compartment (with acid and base neutralization), is also shown in 
the figure. Tests with SDS solution were also conducted. It is suffice to 
mention that no net flow for the duration of the test was obtained for a  10% 
SDS solution in the anode compartment. In general, the flow for test with 
surfactant did not yield much improvement in the total flow, possibly due to 
increase in viscosity of the pore fluid. The time dependent kQ values for these
tests are shown in Figure 6.16.
The final pH of the soil (Figure 6.17) also showed higher pHs at 
sections closest to the anode and lower pH nearest to the cathode for the 
neutralized tests. It also observed from this figure that the acid front has 
moved across the specimen into the cathode compartment resulting in acidic 
conditions throughout the soil specimen. This is a consequence of improved 
electroosmotic flow for the case  where acid generated at the anode was 
neutralized. Furthermore, it is apparent that by neutralizing the base  
generated at the cathode, the drop in TNT concentration at sections nearest 
to the cathode w as prevented (Figure 6.18). These findings showed the 
success of the experimental design in achieving the hypothesized goals with 
regard to the overall electroosm otic flow and the prevention of TNT 
trnasformation. However, the results of the final TNT concentrations (Figure 
6.18) indicate no evidence of transport of TNT towards the cathode (or the 
anode).
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6.6 Pulse Type Loading
In order to achieve a  significant transport of TNT across the specimen, 
TNT must first be desorbed from the soil surface to the pore fluid. It is 
possible that by continuous electroosmotic flow, the contact time between the 
contam inated soil and the solution is insufficient to promote significant 
desorption of TNT. Therefore, if the retention time of the solution w as 
increased, greater amounts of TNT may desorb from the soil. The effects of 
the “pulse" type of loading was then investigated in which the current is 
turned on and off for a  certain duration of time. This will allow the pore fluid 
transported by electroosmosis to a  certain section of the soil specimen during 
the active part (current turned on) to remain in that position during the 
passive part (current turned off) of the test, react with the soil and desorb 
(solubilize) TNT. Reactivation and deactivation of the electric field w as 
hypothesized to promote a  more effective reaction, desorption and transport 
of TNT in the soil.
In Figure 6.19, it is showed that for Tween 80 solution there is no 
marked increase in the total flow over the test with neutralization (Figure 
6.15). The results for the test with methanol is included in this report to show 
two interesting points. One; when electricity is turned off, for a  period ranging 
betw een 12 to 48 hours, no flow was observed in the system . This 
demonstrates the fact that the flow that was observed in all tests conducted in 
this study is only due to the applied electrical field. The sam e results was 
obtained for the case  with Tween 80 solution, but due to the scaling problem
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it is difficult to observe this fact in Figure 6.19. Two; in an earlier experiment 
conducted with a 20% m ethanol solution (Soewarto 1996) using a 
continuous current, the total flow obtained for a seven day period is about 
905 mL. Using the pulse current, this total flow is obtained at around half the 
time applied in the conventional method showing that a  pulse loading is 
more efficient in driving pore fluid into the soil. This translates into a 
significant am ount of savings in term s of the cost of power, if an 
electroosmotic flow dependent project is endeavored.
Figure 6.20 shows the variation of kQ with time for both samples. From
the limited test results, it is dem onstrated that k& for the test with 20%
methanol is higher than that with 5% Tween 80 solution. This is possibly due 
the difference in the viscosity of the solutions. Compared to water, methanol 
is less viscous and Tween 80 has a  higher viscosity.
The final TNT concentration profile in the soil sample for test with 5% 
Tween 80 solution indicated that there is no transport of TNT across the soil 
sam ple (Figure 6.21). There is little or no transformation of TNT at the 
cathode because an acid (CH3COOH) is injected manually at the cathode
compartment. However, it is interesting to note that for the case  of 20% 
methanol, it was observed that there is some evidence of transport of TNT 
from section 1 (distance from the anode 0-0.1) to section 2 (distance from the
anode 0.1-0.3). In Figure 6.22, it is also shown that approximately 19 pg of 
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significantly more than what w as found in other tests . However, when 
compared to the total amout of TNT in the sample, i.e. approximately 11,000 
pg, this amount is quite insignificant. Furthermore, it must be cautioned that
this result is based on only a single test. More investigations are needed to 
verify this observation.
6.7 Observations
In this section, additional discussion is p resen ted  to  put into 
perspective the important findings of this work. Firstly, from desorption test 
results for SDS, the concentration of TNT desorbed was 260 mg/L using 
0.5% SDS solution. From soil specimen properties used in EK tests (Cell 2), 
it is estimated about 170 pore volumes of the solution is required to clean up 
TNT from the soil. In the tests conducted, only 1 pore volume of effluent was 
obtained over a  period of 1 week. Therefore, it will need a  large amount of 
flow (pore volume) and significant amount of time before any m easurable 
transport of TNT can be observed. This is also another possible explanation 
that any significant transport of TNT was not m easured in the experiments.
Secondly, in EK experiments, the concentrations of surfactant in the 
soil was never measured and it is assum ed that surfactants move in the soil 
specimen by electroosmosis. As such, the fate of surfactant in the system 
could not be investigated. Understanding the transport of surfactants could 
provide important information a s  to the underlying reasons of low transport 
rate.
Thirdly, it was found that TNT transformed into TNT anions (negatively 
charged) at section closest to the cathode. In batch experiments, TNT was 
converted to TNT anions by the addition of KOH and H2S 0 3. It may be
possible to transport TNT by first flushing the soil with KOH and H2S 0 3
(reducing agents) changing it to the TNT anions and then allowing it to 





An assessm ent of micellar electrokinetic remediation of TNT from soils 
is presented. The project included literature studies and discussion of 
surfactant enhanced remediation, surfactant selection criteria, modeling 
surfactan t enhanced  transport under electric fields and extensive 
experim ental investigations of surfactant enhanced solubilization and 
electrokinetic (EK) remediation. In batch solubilization tes ts , several 
candidate surfactants were tested for solubilization of TNT. Bench scale EK 
te s ts  were conducted using unenhanced and enhanced procedures to 
evaluate the efficiency of removal of TNT from a real world soil. The 
procedures include the use  of surfactants in the anode and/or cathode 
compartments, increasing current density, neutralization of the generated 
acid and bases at the end compartments, and pulse type loading. This study 
pioneers the challenging task of TNT remediation in soil using EK and this 
effort must be continued to devise techniques to clean TNT contaminated 
sites efficiently. A brief conclusion will be p resen ted , along with 




The conclusions that may be derived from this study are:
•  Toxicity, cost, solubilization capacity and the net charge of surfactant are
the principle factors that have to be considered for surfactant enhanced EK 
remediation.
•  A transport model under electric field have been developed to incorporate
the effects of surfactant solubilization and surfactant net charge. A model 
based on desorption of contaminants from soil has also been developed for 
transport of species in porous media.
•  At low surfactant concentrations (0.1-1%), SDS gave the best desorption
results. Desorption of TNT using nonionic (Tween 80 and Brij 35) and 
cationic (CTAB and CTAC) surfactants at these  concentrations were 
relatively constant and below the values obtained using water.
•  At concentrations beyond 1% and up to 10%, SDS displayed a steadily
increasing trend in TNT extraction. DOWFAX 8390 (anionic), Tween 80 and 
Brij 35 also showed significant improvement, indicating that sufficient 
amounts of molecules were available for enhanced desorption to occur.
•  Log Km (a partition coefficient which defines the distribution of nonpolar
organic com pounds in the  micellar p seudophase  and the aqueous 
pseudophase) values evaluated were 3.09, 3.13, and 3.34 for SDS, 
DOWFAX 8390 and Tween 8 0 , respectively.
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•  Unenhanced EK test was unable to move substantial am ounts of TNT
across the specim en to the electrodes. Transport of TNT w as also not 
observed across the soil under electrical field even after the supply liquid 
was changed to SDS solution.
•  It was found that the TNT concentrations reduced significantly in the soil
sample at sections closest to the cathode after EK soil processing. This was 
postulated to be due to transformation of TNT to TNT anions (Jackson- 
Meisenheimer anions or the Janovsky’s complex).
•  EK tests with neutralization at the electrodes achieved both intended
characteristics, i.e. improvement of electroosmotic flow and preventing TNT 
transformation to TNT anions.
•  Changing the process parameters, such as improving electroosmotic flow,
extending processing period and placing SDS at the cathode also did not 
improve the process in terms of transport of TNT. It possible that significantly 
larger amount of flow is required in order to observe any m easureable 
transport of TNT.
•  Using pulse type loading did not improve electroosmotic flow nor improve 
TNT transport for 5% Tween 80 solution.
•  For 20% methanol solution, electroosmotic flow significantly increases in
pulse type loading. From the limited data obtained, it is demonstrated that a 
pulse type loading is a  more efficient technique to drive pore fluid into the soil
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com pared to a continuous current method. There is also evidence of 
improved transport of TNT in the soil specimen in this type of system.
7.3 Recommendations
Some recommendations for future work in the light of the conclusions 
derived from this study are:
•  Other candidate surfactants should be tested in batch solubilization and 
electrokinetic tests.
•  Chemicals other than surfactants should be studied to better remove TNT
from soils in batch and EK tests. For example, cyclohexane has no affinity to 
the negatively charged soil surfaces and has a very low toxicity. Alchohols 
are another group of chemicals that are environmentally friendly and are 
capable of solubilizing nonpolar organics.
•  Further research is necessary to verify the evidence of transport of TNT in 
pulse type loading technique using 20% methanol solution.
•  It may be possible to transport TNT by first flushing the soil with reducing
agents, thus changing it to TNT anions and then allowing it to transport to the 
anode by electromigration or to the cathode by electroosmosis.
•  It is also necessary to investigate the use of co-surfactants in order to 
improve the performance of the main surfactant in the process.
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* The theoretical model presented in this dissertation needs to be completed
by providing a  numerical solution to the equations. Then, it must be validated 
with experimental data.
•  The chemistry of reactions between TNT, surfactants, and electrolysis
products must be studied in detail to obtain a  thorough understanding of the 
overall remediation process.
* It is also essential to analyze and study the concentrations of surfactants in
the specim en after EK tes ts  to understand the mobility of surfactants in 
porous medium.
•  When possible, soils with a  lower TNT concentration (in the range of 1,000
to 2,000 pg/g) should be tested first. This will result in a  more systematic
study which covers a  range of contamination. It is possible that a  technique 
that works for a  low contamination may fail for a  higher contamination, vice 
versa.
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